Comparison of sol-gel prepared catalysts for CO oxidation and N2O decomposition reactions. by Euesden, Claire.
7383591
iD
UNIVERSITY OF SURREY LIBRARY
ProQuest Number: 10130392
All rights reserved
INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uesL
ProQuest 10130392
Published by ProQuest LLO (2017). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
Comparison of sol - gel 
prepared catalysts for CO 
oxidation and N 2 O 
decomposition reactions
(A T\-OIv\
Author: Claire Euesden 
Supervisor: Professor P.A. Sermon 
University o f Surrey 
August 2002
Chapter I Introduction
Comparison of sol - gel 
prepared catalysts for CO 
oxidation and N 2 O 
decomposition reactions
Servomex
Servomex Grouj) Ltd Detek Systems Ltd
Dytech Corporation Ltd
Author: Claire Euesden 
Supervisor: Professor P.A. Sermon 
University of Surrey 
August 2002
Chapter I Introduction
Abstract
This thesis comprises of analysis for two types of catalysis: CO oxidation and N2O 
decomposition; related by their research in sol - gel catalysis.
The CO oxidation work was undertaken on behalf of Servomex pic in order to understand 
how their catalyst - based sensor (Tfx 1750) worked and why it failed when exposed to 
coal power station flue streams within its two - year guarantee period. This research will 
show, by means of many analytical techniques and catalytic tests:
1. A compai'ison of the Servomex catalyst powder and a sol - gel prepared material 
containing the same components: 10 % Pt on 10% ZrOz doped AI2 O3 .
2. The mechanism of CO oxidation observed on the surface of these catalysts.
3. What effect sulphur oxides {SO2 and SO3) have on both catalysts, and the 
mechanisms that give rise to S build up on their surfaces.
In contrast, the catalysed N2O decomposition research was sponsored by Dytech in order 
to deteimine which metal oxides and multi - metal oxide systems are suitable for N2O 
decomposition in satellite propulsion systems. This research will allow:
1. A comparison of a wide range of metal oxide systems during thermal treatment in 
an N2O atmosphere.
2. Further analysis into the best systems with respect to their suitability as catalysts; 
such as selectivity, activation temperatures, longevity and reliability.
3. A comparison of different preparation techniques: precipitation and sol - gel, by 
using various analytical techniques and catalytic testing.
4. A comparison of the in-house rig system designed for the comparison of catalysts 
by thermal treatment, and a rig system built by the Surrey Space Group as a 
realistic comparison for actual satellite propulsion systems. This comparison will 
justify the results shown in part ( 1).
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I Introduction
1.1 Carbon Monoxide and its Production
1.1.1 Power sources
Coal fired power stations are used to produce electricity [1]. They are cuiTcntly situated 
away from populated areas, with each providing energy for a large number of households 
and industries. The main reason for the distance between power stations and the 
consumers is the vast quantities of pollutants that are produced, including methane, 
hydrocarbons with higher molecular weight, nitiogen oxides (N0 %), carbon monoxide 
(CO), carbon dioxide (CO2), sulphur oxides (SOx) and particulates.
water gas
feedwater pump HP&LP
steam
turbine
boiler
condenser
generator
/cooling tower \
Figure 1.1: Schematic o f  coal power station [2]
Coal is mined fr om either open-cut or underground coal mines and crushed before being 
transported to power stations by conveyer line or tiain. Coal arrives at the power 
station’s coal-handling area and is fed to a conveyer where it is pulverised into a 
consistency similar to talcum powder. This is blown into the boiler in a stream of 
preheated air. The coal is burned in the boiler chamber and produces enough heat
Chapter I Introduction
(temperatures can reach above 1750 K) to convert the water circulating in the boiler tubes 
into high pressure stream. A 660 W turbogenerator boiler can evaporate over 2  million 
liti'es of fresh water an hour in the 450 km of tubes which line the furnace walls. Since 
the major by-product of burnt coal is ash, an extensive fabric filter is necessary between 
the boiler and emission stack to extract all the fine ash particles from the boiler exhaust 
gases. The steam produced is injected at high pressure into the turbines turning the blades 
mounted along the main drive shaft (Figure 1.1). The spent steam is cooled back to water 
and reused; extra water is obtained from the cooling water-containing towers utilising an 
evaporation/ draught principle [3].
The electrical generator consists of two main sections: the revolving section {rotor) that 
is directly coupled to the main shaft of the steam turbine, and the stater which is a series 
of coils grouped cylindrically in the stationary shell around the rotor. The rotor is an 
electromagnet that revolves at high speed to generate a.c, electricity in the stator. The
d.c. supply to the rotor comes from a separate static exciter. The electricity produced by 
the generators is passed through a transformer increasing the voltage from 23 000 to as 
much as 500 000 volts, and then passed to an adjacent power station switchyard. From 
the switchyard, transmission lines carry the electricity to where it is used in homes, 
offices and factories.
1.1.2 Pollution levels, impact and legislation
Coal is not a pure carbon source, but contains many minerals. Therefore, as well as ash 
(which is trapped by the fabric filter), the gas flue also contains other impurities, 
particularly toxic and harmful gases. Records for the last ten years show that 
considerable volumes of gases are released (Table 1.1) [2], and there is a large industry 
associated with the detection and removal of gases fr om the atmosphere [4].
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Table 1.1 Amount o f  greenhouse gases relevant to the atmosphere in the UK, 1990- 
1999. NETCEN[4]
Pollutant Units 1990 1993 1996 1999
Change during 
decade [%]
CO2  Emissions Mtonnes (CO2) 603 576 583 548 -9.12
CO2  Removals Mtonnes (CO2 ) -10.6 -11.1 -11.6 -11.5 -8.49
CO Emissions Mtonnes 7.15 6.14 5.47 4.76 -33.4
CH4 Mtonnes 3.67 3.38 2.98 2.63 -28.3
N2 O Mtonnes 0.22 0.18 0.19 0.14 -36.4
other NOx Mtonnes 2.76 2.36 2.01 1.6 -42.0
VOC Mtonnes 2.48 2.21 1.97 1.56 -37.1
SO2 Mtonnes 3.75 3.11 2.01 1.19 -68.3
HFC ktonnes 0.973 1.16 2.47 2.75 + 183 9
PFC ktonnes 0.331 0.115 0.130 0.100 -69.8
SF, ktonnes 0.030 0.037 0.053 0.0500 + 66.7
Abbreviations: VOC volatile organic compounds, HFC hydrofluorocarbons, PFC perfluorocarbons, SFg 
sulphur hexafluoride.
Carbon monoxide is harmful both to the environment and to individuals; there is a 
glowing requirement for CO sensors to detect and catalysts to reduce industrial, 
automotive and household emissions of CO [5]. In certain industries, such as chemical 
plants, sewage, coal and oil mining, environmental monitoring is mandatory. One way to 
remove CO from the environment is oxidation to CO2. This conversion can also be used 
in the sensing of low levels of CO in air [6 ].
The main hazard of CO to an individual is via asphyxiation [7], CO combines with 
haemoglobin in place of O2 (Figure 1.2) to form carboxylhaemoglobin. Since CO binds 
more strongly to haemoglobin than O2, the red blood cells are rendered inaccessible to O2 
preventing transportation of oxygen around the blood stream.
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Figure 1.2: CO combination with haemoglobin [?]: (A) the binding o f  CO to an iron
centre within haemoglobin(at the Histimine F8 centre); (B) closure i f  the haemoglobin 
molecule causes another histimine group (E7) to distort the electronically-saturated CO- 
Histimine F7 bond in order to aid stabilisation; (C) shows that this distorted Fe-CO bond 
is stabilised by electronic interaction with the Histamine E7 and gives rise to a strongly 
bound C—O at the oxygen site.
Due to this physiological effect, the permitted working TLV (theoretical lower threshold 
limit by volume) for CO in the UK is 50 ppm over an 8  h period [5]. Further, laws 
concerning CO poisoning from gas appliances in private households were introduced in 
1994 under the Gas Safety (Installation and Use) Regulations as agreed by the Health and 
Safety Executive (HSE), the Council of Registered Gas Installers (CORGI) and British 
Gas. The British Standard (BS 7860) for residential CO detectors, published in March 
1996, states that current technological sensors were best suited to detection of CO at 
levels of 1 0 0  ppm [8 ].
1.1.3 Sensors and detectors
Gas sensors provide a warning of dangerous levels of a particular pollutant in the 
atmosphere, such as high levels recorded due to leaks in a system. Sensors can also be
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used to detect early stages of fires as a consequence of the formation of products by 
incomplete combustion. It was suggested that a semiconductor gas sensor would detect 
fire with greater efficiency than conventional detectors [8 ] as a CO sensor can detect 
products from a smouldering fire [8 ]. Hence, the principle of a gas sensor is to monitor 
accurately low concentrations of haimfiil gases and to provide an alarm when a particular 
threshold level is exceeded.
The presence of caibon monoxide can be detected, both biologically and chemically, in 
several ways [8 ]. The simplest chemical gas sensor is semiconductor-bBBtâi and works by 
observing a change in conductivity when in contact with a specific gas. The gas affects 
the surface conductivity in two ways: by adsorption of the gas onto the semiconductor 
surface, and by attack of surface defects by the gas. Good semiconductor sensors are 
composed of tin or zinc oxides combined with precious metals. This type of sensor is 
cheap to produce, but is non-selective and therefore not useful for specific carbon 
monoxide detection.
Catalytic combustion sensors work in a similar fashion to semiconductor sensors, the 
energy released after the combustible gas has oxidised on the surface of the temperature - 
sensitive catalyst causes a change in the system's resistance [9], The catalytic metal 
chosen depends on the gas that is to be detected; good catalysts for CO sensors include 
platinum on alumina, zirconia or ceria supports. For maximum response the number of 
CO-adsorbing platinum sites must be maximised, and catalyst poisoning minimised.
Carbon monoxide can also be detected by photometric measurement. The photometiic 
gas sensor works on the principle that many gases have natural vibrational and electronic 
resonances within their molecular structures [10]. These can be detected by the 
corresponding absorbances in either the infr ared, ultraviolet or visible wavelength regions 
of the electromagnetic spectrum; the main limitation of this foim of sensor is that it can 
only be used by gases that have detectable resonances.
Chapter I Introduction
A gas passing over a heated filament will have a particular conductivity. A thermal 
conductance gas sensor uses this principle to measure the conductivity of a gas by a 
heated filament compared to an identical filament exposed to a reference gas [8 ]. A 
major complication with this sensor arises when the gas contains more than one 
component, and care must be taken in predicting and compensating for all component 
gases present.
1.1.4 Servomex Tfx 1750
The Servomex Tfx 1750 (Figure 1.3) is a good example of a thermal conductance 
catalytic sensor which detects calorimetric differences for CO between the reactive and 
reference filaments in concentrations up to 2 0 0 0  ppm and with a precision of ± 1 .0  ppm 
[11].
3 ------ ^  I ■ -  ■ -  - -  - —  — ---------- 1
a  ------------- ' ~ '
7
a  glass overlayer 
P substrate + Pt/ZDA catalyst 
Y substrate + Pt array
Figure 1.3: Schematic o f  Servomex Tfx 1750 [11]
The substrate is a polycrystalline yttria-stabilised zirconia (YzOg-stabilised Z1O2, YSZ). 
The Y2O3 stabilises the zirconia in the monoclinic form, density (p) = 6.1 g cm'^, 
resulting in good mechanical properties such as hardness, strength and fracture resistance. 
These are critical as failure of the substrate would cause catastrophic failure of the sensor 
[11, 12]. Since moisture can facilitate a low temperature tetragonal to monoclinic phase 
transition, a simple surface overlayer is required to both stabilise and strengthen the 
substrate [11]. The catalyst used is a Pt in a YSZ/ a-alumina complex that is assumed to 
have little solid state interaction after treatment 1373 K.
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1.2 Satellite Propulsion and Nitrous Oxide (N2O)
The second part of this thesis concerns the decomposition of N2O as a satellite propulsion 
gas. Many types of micro-satellite fuels have been researched, including nitrous oxide 
(N2 O) and hydrazine (N2H4) as they have high energies of decomposition [13]. In tenus 
of the propulsion of smaller satellites for orbital manoeuvring and attitude control, the 
smaller the satellite the greater the need for efficient propulsion using cold gases (e.g. N2 
stored at 20 MPa or liquefied; or N 2H4  stored at 1 - 2  MPa).
1.2.1 Propulsion systems
Propulsion systems in satellites are required for many purposes during miy given mission
[14]:
(i) launch,
(ii) altitude control,
(iii) orbital maintenance (to keep the satellite in the desired orbit),
(iv) orbital manoeuvring for changing orbits, and
(v) landing, rendezvous and relaunch.
Since all these jobs take place beyond the reach of technicians, it is vital that the 
propulsion system has high performance, reliability, longevity, can be easily integiated 
into the satellite’s structure, free from service and maintenance needs, and be stable 
during long periods o f ‘downtime’ or ‘waits’.
The propulsion system is the energy source, and converts liquid or solid sources of
energy into electrical energy that the satellite can utilise for performing the above jobs
[15]. Due to the weight of the fuel, propulsion systems designed to be part of satellite 
systems must optimise energy utilisation in order to overcome both financial and physical 
costs (the energy required to release a body fi*om Earth’s gravitational pull and remain in 
orbit). For a rocket system to be able to accelerate a payload that is a significant fraction 
of its initial mass, the exhaust velocity must be comparable to the forward movement
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(termed the velocity increment, AV). This exhaust velocity is often discussed as the 
specific impulse (Igp). Isp can be calculated as the kilograms of thrust that the motor 
generates (kgf) per kilogram per second of operation (kgs'*) [13].
Equation L 1kilo-thrust generated (kg^)
I (s) = ---------------------------------------
kilo fuel per sec (kgs-^)
During the launch from Earth the thrust needs to be very high with a low Isp. Once the 
satellite has left Earth’s gravitational pull, it is efficient to use a low thrust, high Isp 
propulsion system. Therefore, many satellites contain two different propulsion systems 
engineered to optimise the two different requirements.
During the history of satellite and space exploration many electronic propulsion 
techniques have been invented. Nearly all can be grouped into one of three classes that 
are differentiated by the means by which the electronic charge is transfeiTed by the 
propellant [16].
1. Electronic thrusters
e.g. Arcjets and Resistojets
Hot gas is expanded by a nozzle to convert thermal energy to directed energy. Its 
limitations include frozen flow losses, radiation losses and material temperature 
reshaints to give relatively low Isp.
Isp = 500-1200 s
2. Electrostatic thrusters 
e.g. Ion engines
Large electronic fields are used to accelerate ionised propellant giving very high 
Isp-
Isp = 5000 - 20000 s
3. Electromagnetic devices
e.g. High powered MPD thrusters
Utilises interactions between electronic and magnetic fields to accelerate ionised 
propellants. Gives rise to the widest Lp at low to high thrust levels.
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Isp = 1000 - 20000 s
For the bilateral requirements of launch and orbital controls, the first two types aie often 
used together, especially where weight control is a factor, as with small satellites.
1.2.2 Small satellites
Mini, micro and nano satellites have become possible through the advent of 
miniaturisation of electronic hardware. This has enabled the development of less 
expensive, smaller satellite buses, payloads and ground station equipment. One spin-off 
of microelectronics is the ability for advanced autonomous satellite operations to further 
reduce satellite costs [16]. The exploitation of low cost, small satellites has required 
research into propulsion systems that are as effective and reliable as their larger 
counterparts, but at only a fraction of the weight with respect to the propellant weight
[16].
All the requirements mentioned earlier concerning satellites apply to all sizes, but small 
satellites have several further criteria that also need to be considered:
(i) high space vehicle velocity change,
(ii) system-specific impulse,
(iii) propulsion envelope volume,
(iv) power maximisation,
(v) low costs,
(vi) propellant storability, non-toxicity, non-flammability, non-explosiveness, 
compatibility, availability,
(vii) restart-ability in orbit, and
(viii) multifunctionality.
All these factors have to be much more tightly controlled in smaller satellites as there is 
less room for waste and needless excess [15, 16]. It is not only the ‘pay-loaders’ who 
make demands on research; satellites are located in space, so environmental control is
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also essential as there are no convertible devices available to purify emissions. In order 
to prevent poisoning both the upper atmospheres (including the ozone), and ultimately 
the lower atmospheres as the impurities filter down, it is vital that impurities from space 
craft are non-toxic and hannless. To keep the weight of satellites down, it is more cost 
efficient to use a clean fuel, such as nitrous oxide, which decomposes to Ni, O2 and heat, 
than one which requires a purifier to be attached to the exhaust, e.g. hydrazine, N2H4 
which reacts to give NH3, Hz, N2 and heat.
One of the leaders in small satellite research is Surrey Space Technology Ltd (SSTL), 
which incorporates the Surrey Space Group (SSG). They have been undertaking four 
major forms of research [17]:
(i) Hydrogen peroxide (HTP) as a propellant: storage, expulsion and handling,
(ii) HTP: monopropellant thrusters research and design,
(iii) Hybrid research for conventional and alternative geometry hybrid motors, and
(iv) Nitrous oxide propellant research.
1.2.3 University of Surrey Satellites, UoSAT-12
The UoSAT-12 satellite comprises two separate propulsion systems. The first is a 
compressed N2 cold gas system that is configured to operate in an experimental 
autonomous mode via a Microcosm Corp. device. It uses a bang - bang pressure 
regulation system that reduces costs and possible complications by replacing the 
conventional regulator with a simpler system of two valves, two pressure transducers and 
two small accumulators. This allows the extra weight allowance to be used for extra 
propellant, N2, to be taken onboard [16].
The second propulsion system is a N2O resistojet system which produces 125 mN of 
thrust at 100 W; this is the most efficient resistojet to be used on an actual spacecraft. 
The high vapour pressure of N2O (48 Bar) negates the need for a separate pressurant 
system and the combined velocity charge is 26.8 m s'* (arising from 16.4 m s'* donated 
by the cold gas, and 10.2 m s'* from the resistojet). The thrust from this type of resistojet
10
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can be used to adjust a spacecraft’s orbit; a 60-minute resistojet firing period would raise 
a 650 km orbit of a spacecraft by 3 km. The first of these types ofNzO-containing micro­
satellites developed by SSTL and Polyflex Aerospace of Cheltenham, UK (UoSAT-12) 
was launched at 6 am on 21st April 1999. [16, 17]. It contained 2.5 kg of nitrous oxide, 
which was sufficient for 14 hours running.
N2O is a preferred propellant as it is not as dense in storage as HTP or hydrazine. It also 
has a reasonable performance as a monopropellant, the ability to self-pressurise, is cheap, 
safe to work with, has little danger to the environment, can self-sustain decomposition in 
the temperature range of 1470 -  1870 K and provides a hot, O2 rich exhaust that can be 
fed into a solid fuel to achieve an improved performance.
thermal insulation
N2 +O2
electric power 
catalytic wire thermal insulation
Figure 1.4: N2O monopropellant thrusters: Schematic o f a resistojet [16]
N2O is injected into the decomposition chamber (Figure 1.4). Upon injection 
decomposition begins on the electronically heated catalytic wire, the energy released 
activates the main catalyst causing further decomposition and the release of more heat. 
This continues until all the catalyst is activated; the rate of decomposition increases until 
it reaches steady state taking just a few seconds. The products leave through the 
converging-diverging nozzle generating directional thrust. Once this self-sustaining N2O 
decomposition has been achieved, electrical input is no longer required and energy is 
released until the N2O entry valve is closed. The catalyst is optimally packed as either 
pellets or a monolith (large, porous, single section of catalyst). If packed too loosely, the 
energy is lost as N2O transfers through the catalyst; conversely if the packing is too
11
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dense, pressure build-up can occur. Since N2O is a gas during reaction, loading and 
storage factors are lessened compared with liquids such as HTP.
1.2.4 Fuels and fuel sources
Despite its ecological effects, N2O is considered to be a good fuel gas for satellite 
propulsion, especially when considering the decomposition products (Equation 1.2).
2N 20(g)--------^  2N2(g) +  0 2 (g)
Equation 1.2
N2O is unstable at temperatures above 1000 K and decomposes exothermically. SSTL is 
developing a N2O micro-thruster with a specific impulse Isp of 135 - 150 s, a power 
requirement below 0.3 kW and a simplicity of design that makes its use attractive in 
smaller satellites [16]. N2O is stored as a liquid (p = 0.75 g cm'^) at a pressure of 5 MPa. 
Another advantage of using N2O is its low energy of decomposition.
N2O is prefeiTed to other fuel gases such as hydrazine (N2H4) or hydrogen peroxide 
(H2O2), which are hazardous and explosive. The foimer is fed into a catalytic heater at 
323K where it decomposes exothermically
3 N2H4  ^ 4 N H 3 +  Ng
Equation 1.3
Besides N2O and N2H4 as fuels, other examples include hydrazine derivatives such as 
undimethyl hydrazine (UDHM), monomethyl hydrazine (MMH) and anhydrous 
hydrazine, other nitrogen oxides such as nitrogen tetroxide, and a mixture of oxygen and 
hydi'ogen [15-17]. For use in small satellites, hydrazine derivatives aie efficient but toxic 
and often give mixed products depending on the temperature and the environment of 
reactions.
12
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Equation 1.4
CH3NHNH2 + O2 --------- ^ ^ 2  + CH3OH + H2O
[MMH]
Furthermore, all hydrazine derivatives are suspected carcinogens due to strong reducing 
properties and high hydrogen-bonding abilities.
1.3 Catalysts and catalysis
The basic definition of a catalyst is a substance that increases the rate of a chemical 
reaction without affecting the thermodynamics and without being consumed during the 
process [18-21]. A catalyst transforms reactants to products during a series of 
uninterrupted and repeated steps (catalytic cycle) after which the catalyst is regenerated 
in its original form. Catalysts are important for improving chemical reaction rates and 
enabling otherwise impossible mechanisms to proceed, especially in industrial situations. 
There are two sub-groups of catalysis:
• Homogeneous catalysis, where the reactants and catalyst are in the same phase 
(usually solution);
• Heterogeneous catalysis, where the catalyst is present in a different phase fiom 
the reactants and products (e.g. reaction of gases on a solid catalytic surface).
The main advantage of heterogeneous catalysis is the ease with which the products can be 
removed at the end of the reaction.
1.3.1 Heterogeneous Catalysis
Heterogeneous catalysis is usually the reaction of molecules or atoms on the surface of a 
solid in order to enhance the progiess of a reaction. The reactants and products are in any 
different phase to the catalyst; for ease, this explanation will deal with gas molecules 
reacting onto a solid catalyst, with gas molecules being produced. A simplistic approach 
is to assume a five stage reaction:
(i) Approach of the gas molecules to the surface.
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(ii) Adsorption of the gas molecules to the surface (physi- and chemisorption).
(iii) Reaction of the molecules adsorbed on the surface (stabilised by the catalyst).
(iv) Desorption of the product molecules.
(v) Diffusion away from the surface.
Each stage is important. The first (I) step is essential for ensuring that the catalyst 
process is continuous and rate (I) must be faster that rate (III) in order to prevent mass - 
transport limitations. The final (V) steps is essential in order to remove the products and 
to allow room for further starting materials to approach the surface [19].
1.3.2 Adsorption
Solid surfaces offer the potential for attraction of molecules in liquid and gaseous foims. 
When such molecules are attracted, adsoiption (step II) is possible. There are two forms 
of adsorption: physisorption and chemisorption, and the differences between the two can 
be summerised in Table 1.2 [18,22]:
Table L2: Table comparing physisorption and chemisorption
Physisorption Chemisorption
Adsorption at lower temperature Adsorption at higher temperatures is
possible
No appreciable Ea Ea is involved
No peak in isobar Peak in isobar
Multilayer adsorption can occur Adsorption leads at most to monolayer
The amount of adsorption is more a The amount of adsorption is characteristic
function of the adsorbate than the adsorbent of both adsorbate and adsorbent
During adsorption, two molecules or atoms come into close proximity, giving rise to 
attractive forces until at a fixed distance where the electrons and nuclei of one molecule 
produce a potential energy of interaction with the elections and nuclei of the other.
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leading to repulsion [23]. This is gi'aphically portrayed as the Lennard-Jones potential, 
Figure 1.5.
repulsive energy, +Ae-“ / r
V(r)
attractive energy, -C / r®
Figure 1.5: Lennard - Jones potential well. A graphical representation o f the 
intermolecular attraction/ repulsion between two molecules in close proximity [23]. A 
and C are the repulsive and attractive constants.
The potential energy of the Lennard-Jones potential well is defined as a combination of 
equations based upon short range repulsion forces and dipole-dipole terms. The first 
considers London (dispersion) forces, which arise when the molecules have no dipole 
moments. Equation 1.5 [29] can relate the intemiolecular attraction
<V(R)>disp = EaEb 1
2  \  E a + E b  /  ( 4 t i s J 2  r6
Equation 1.5
where Ea and Eb are approximately equal to the energies of the first electronic transitions 
of the molecules.
Secondly, by considering the attraction as dipole-dipole interaction between molecules, 
Equation 1.6  can be applied [23]
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where cla and a s  are the polarisabilities.
Equation L 6
A third equation that is related, but not involved in the Lennard-Jones potential concerns 
permanent dipolar interactions and repulsion is expressed as Equation 1.7 [23].
Equation 1.7
where Pa and ps are the pemianent dipole moments of the two molecules, T is the 
thermodynamic temperature of the system, r is the intermolecular distance, k is the 
Boltzmann constant, and 8o is the permitivity of free space.
In all cases it is important to observe that the interaction energy is inversely proportional 
to the inteimoleculai' distance to the power of 6  (R^). By combining terms it is possible 
to obtain the total attractive energy between the two molecules. Generally this energy is 
in the order of ~ 2 x 10"^  eV at a distance of 0.5 nm, lai'ger dipole moments/ 
polarisabilities give rise to stronger attractions [23,24].
At small distances two molecules will repel strongly. By combining this factor with the 
attractive energy a total potential energy can be defined. The most established empirical 
function is where the potential energy is determine to be proportional to R'" or e'“^ and is 
known as Lennard-Jones potential function as shown in Equation 1.8 .
V  =  4s„ , ^
Equation 1.8
The Lennard-Jones potential function has been shown to be a good mathematical 
representation of the potential well graph in Figure 1.5 [23].
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1.3.3 Langmuir - Hinshelwood and Eley - Rideal Mechanisms
Once a molecule has become bound to the surface, the intramolecular bonds become 
weakened due to the interactions formed with the surface molecules. This enables the 
reaction stage of the catalyst to occur. Two types of reaction are possible - Langmuir - 
Hinshelwood and Eley - Rideal [18]. The Langmuir - Hinshelwood (Figure 1.6) 
considers two chemisorbed molecules (A), both intramolecularly weakened and attracted 
to each other (B) reacting prior to desorption.
t t w m - o
A B
Figure 1.6: Schematic o f  the Langmuir - Hinshelwood mechanism.
The Langmuir - Hinshelwood approach relies on a four-stage system:
1. Adsorption of a gas molecule to an active site on the surface (*).
Equation 1.9a
A f +  2* -----------2A*
2. Adsorption of a second gas molecule to an adjacent active site.
Equation 1.9bB + * ----- #- B*
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3. Two activated atoms react.
A* + B* - AB* Equation 1.9c
4. Products desorb from the surface.
A B * ^  AB + *
This gives an overall reaction process of:
— A 2  + B AB
Equation 1.9d
Equation 1.9e
However, if there is insufficient room for the second molecule to bind to the surface but 
there is a gap in the layer, then it may interact primarily by one atom in the molecule 
(Figure 1.7) to the surface, which leaves the other end of the molecule available to react 
with other atoms in the layer.
: cT
u r n
Figure 1.7: Schematic o f  the Eley - Rideal mechanism
The Eley - Rideal mechanism can be described by the following equations, where:
1 There is adsorption of a gas molecule to a surface active site (*).
Equation 1.10a
2 A
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2 The second molecule then reacts with the surface and dissociates.
B 2 * + 2 * — * 2 B *  Equation UOb
3 The ‘free end’ of the second molecule (B) interacts with the bound atom (A*).
A* + B* —  AB + *
The product desorbs fr'om the surface and leaves a space for further reactions to 
occur, which gives rise to an overall reaction of (Equation 1.1 Od), which is the same 
as observed for the Langmuir - Hinshelwood mechanism.
Equation 1. lOd
— A2  + B  AB2
In order to obtain an accurate picture of catalysis, it is widely regarded that both 
Langmuir - Hinshelwood and Eley - Rideal mechanisms must be considered to occur 
concurrently during a reaction [25]; the temperature of the system and the energy 
required for the uncatalysed reaction to occur also need to be considered [26]. Since 
chemisorption involves the adsorption of gas in the monolayer, it is theoretically possible 
to apply the Langmuir Isotherm (Equation 1.11) in order to determine whether a system 
 ^proceeds primarily by Langmuir - Hinshelwood or Eley - Rideal. However, this has yet to 
be proven.
0 -  bp**^  ^ Equation 1.11
1 +bp^/2
Where 8  is the surface coverage, b is the Langmuir adsorption coefficient (rate constant 
of adsorption/ rate constant of desorption) and p is the pressure.
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In a reaction where the Langmuir - Hinshelwood mechanism is predominant, the rate of 
reactivity would go through a maximum before total adsorption of one gas across the 
surface. This can be expressed graphically (Figure 1.8). The decrease in reactivity is due 
to the lowered chances of the two different adsorbed gases being in close proximity 
which is needed for the reaction to occur. The Eley - Rideal mechanism shows a slower 
rate of increase since there is a large area o f surface available for adsorption. However, 
once reduced surface area becomes an issue (at high surface coverage of reactant A), then 
Eley - Rideal will occur, with a maximum in activity occurring at a higher surface 
coverage than for Langmuir - Hinshelwood (Figure 1.8).
ERreactivity
LH
1 0 00 [%]
Figure 1.8: Dependence o f rate on relative coverage o f Langmuir - Hinshelwood (LH)
and Eley - Rideal (ER) mechanisms
1.3.4 Transition metals and their oxides
In order to produce a catalyst that is stable at high temperatures and in harsh conditions it 
is necessary to use materials that will not be destroyed. It is usual to consider transition 
metals and their oxides due to their stability. They also offer variable oxidation states to 
enhance their catalytic ability.
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A typical feature of transition elements (Figure 1.9) is the presence of available d 
electrons, and available unfilled d-orbitals. These variable oxidation states lead to an 
electronic bank, which can “lend” electrons (Equation 1.12a) in appropriate situations or 
“store” electrons (Equation 1.12b) in others. The chemisorption strength of transition 
elements is also variable; it generally decreases along the rows (from left to right); very 
strong chemisorption is not advantageous as this inhibits desorption of the products 
formed [28].
A Unq Unh Uns 1 1
Cu
Ag
Au
Zn
Cd
Hg
B
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Ga
In
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Si
Ge
Sn
Pb
N
As
Sb
81
Se
Te
Po
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Br
At
He
Ne
Ar
Kr
Xe
Rn
Figure 1.9: Location o f transition metals in the Periodic Table [27]
Since transition elements react in a redox manner (as both oxidants and reductants 
depending on the situation), neither fully oxidised nor pure metals are used for catalysis. 
Instead, a non-stoichiometric oxide is preferred where a mixed oxidation state defect is 
present throughout the system.
Mn+ + e
Equation 1.12a
+ e
Equation 1.12b
Transition metal compounds adsorb species depending on the variability of oxidation 
states of the gases. Metal oxides that adsorb anions such as , O2 and have an 
excess of positive charges in the solid and are known as p-type (positive) semiconductors. 
An example of this is the adsorption onto nickel oxide (Equations 1.13a-c):
21
Chapter 11ntroxtuction
+ 2 N r  >20"-  + 2 N r
 >2Nf^ +2e3+
Equation i.iS a  
Equation 1.13b 
Equation i.lS c
In tlie case of n-type metal oxides, the oxide gives rtp oxygen to tire reaction, and the 
electrons left behind provide an overall negative charge in the solid. Zinc oxide is an 11- 
type semiconductor, and oxidation of carbon monoxide on zinc oxide proceeds as follows 
(Equations l.I4a-c)i
C"0,g) +
.0 2 -
Equation 1.14a
Equation 1.14b
so.
such that the overall reaction is:
-CO2 4- 0 2 ^
Equation l.l4c
CO + 1/2O2 ■CO,
Equation 1.15
A catalyst comprising of two or more different metal oxides has many advantages. The 
effect of mixing dtfferent metal oxides encourages délocalisation of electrons wrthtn the 
solid, and increases tlie activity of the system. The increased adsorption enhances both 
tlie catalytic reactivity and the life span of a given catalyst. For example, tlie 
incorporation of copper into a cobalt oxide catalyst keeps both the copper and the cobalt 
from reaching stable oxide complexes, which would inliibit tlie oxygen molecules fr om
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chemisorbing strongly to the surface [29]. The electron deficient species within the 
system encourage oxygen-rich molecules (such as nitrous oxide) to adsorb on the surface, 
yet these same defects enable the molecules to be reactive enough to decompose and 
release from the surface leaving vacant sites for further adsorption.
Mixed metal oxides also aid temperature stability. The introduction of metal ions of a 
different size to the major component prevents the formation of stable, inactive mono­
metal oxide compounds. For example, the introduction of Zr"^  ^ions into a non-stabilised 
y-alumina prevents the formation of a-alumina (Section 1.4.4).
1.3.5 Catalytic poisons and promoters
It is possible to introduce a species to a catalytic material that alters its ability to react 
[30]. If this new species enhances the catalyst’s reactivity it is considered to be an 
enliancer or promoter. An example is the introduction of a cheaper, more readily 
available metal oxide (e.g. ZrOa) that can reduce the amount of catalytic material 
required. This is advantageous since many catalytic materials are expensive (e.g. Pt, Rh, 
Pd-based), and dispersion with a cheaper material is commercially preferred [31]. When 
introducing specific promoter ions into catalyst materials that contain specific active 
materials, e.g. platinum, it is important to consider:
(i) Both the promoting material’s percentage content and dispersion;
(ii) The activity and stability of the promoting ions; and
(iii) The support and the particle retention characteristics with respect to active 
molecules, the enhancer/ promoter and the support.
In contrast, species that hinder the catalytic process are labelled poisons. In many cases 
poisons are gaseous molecules that adhere to active sites more readily than the reactant 
molecules, preventing the reaction from proceeding [30]. An important poison found in 
the flue gas of power station is sulphur dioxide (SO2). SO2 is highly reactive and readily 
adsorbs to metal active sites releasing oxygen. However, desorption of the sulphur is 
slow and this hinders the oxidation of other gases in the flow stream.
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1.4 CO oxidation catalysis
Catalysts designed for CO oxidation as a detector in coal power stations have three major 
requirements [19]:
1. Be stable to moderately high temperatures (greater than 600 K).
2. Be specific to CO adsorption.
3. Be non-susceptible to poisoning by other gases and particulates within the flow 
stream, such as sulphur dioxide.
CO is a colourless, odourless, tasteless gas that is toxic at levels as low as 20 ppm to all 
mammals [7, 30] and it is soluble in most solvents including water, alcohols, benzene and 
its derivatives, and many acids and bases [27]. CO is a linear molecule that has a Lewis 
structure that involves a triple bond. This indicates a weakness in the structure that 
contradicts the strength revealed by the electronic configuration (Figures 1.12 and 1.13).
© : C = 0 :@ : C = O ï
Figure LIO: Lewis structure o f CO [26]
Carbon monoxide reacts readily in excess oxygen at temperatures greater than 470 K; 
however, in the presence of certain catalysts (e.g. Ni based catalysts, as described 
previously) this can occur at temperatures as low as room temperature, and below (with 
Au catalysts) [27].
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Figure 1.11: Electronic configuration o f CO
1.4.4 Alumina
The simplicity of aluminium oxide’s stoichiometry (AI2O3) is misguiding as in reality 
there are many forms of alumina. These have been investigated and designated [33] into 
many forms of transitional aluminas that are defined as alumina phases situated between 
the fully hydroxylated aluminas (gibbsite and boehmite) and a-alumina [30, 33-34]. 
Many of these phases have been identified firom the heat treatment of different starting 
materials [35] and analysing by X-ray diffraction (XRD) and transmission electron 
microscopy (TEM) in order to distinguish co-ordination and pore size [36-39]. The 
differences in ion co-ordination and the high surface areas stabilise the pore structure of 
the transitional fonns. This in turn prevents diffiision of ions to better ordered positions, 
and it is this that gives rise to the large number of phases observed [39]. For example, 
heating y-alumina to temperatures greater than 1070 K allows the transition to a-alumina 
[33], both are based on a face centred cubic (fee) anangement. If 0-alumina is heated to 
above 1270 K it transposes to the more stable monoclinic form [33,35]; heating a- 
alumina to temperatures greater than 1270 K causes structural collapse [36].
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10 2 0  KY -a lu m in a ------------------ 0 -alum ina
1 2 7 0  K0 -a lu m in a ------------------ a-a lum ina
Figure 1.12: Phase transformations o f  alumina [40]
1.4.5 Zirconium and zirconia
Zirconium is an abundant element in the earth’s crust, particularly in its silicate form, 
ZrSi0 4  or as baddelyite, Zr0 2  [41]. Zirconium (as an impure metal) was first discovered 
in 1824 by Berzelius, yet processing of Zr on an industrial scale was not achieved until 
the 1940s. The major global producer of ZrOa is Australia and due to zirconium’s lack of 
ability to absorb neutrons it has a major use in nuclear reactors, where it is used in the
1373 K
/ /
/ /
2596 K
MONOCLINIC TETRAGONAL
reactor core without interfering with the chain reaction [41]. 
Figure 1.13: The three forms o fzirconia [42]
CUBIC
There are three principle polymorphs of ZrOg (Figure 1.15), which are stable at different 
temperature regions [42]. Monoclinic zirconia (m-ZrOz) is stable below -1370 K where 
it transforms to the tetragonal phase (t-Zr0 2 ). Beyond -2600 K the irreversible cubic 
(fluorite) form (c-Zr0 2 ) is produced [42]. t-ZrÛ2 is not stable on cooling, and reverts 
back to the m-Zr0 2  form unless stabilised by the addition of di- or tri-valent cations such 
as Ca^\ or Hf^^ [42]. Very fine particles of zirconia (< 14.5 nm) have been noted to 
be present in unusual forms, for example t-Zr0 2  is present at low temperatures and m- 
Z1O2 at temperatures; above 1170 K [42] when the critical crystallite size has not been
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exceeded. The presence of m-ZrOi at high temperatures is unexpected due to the low 
stability of the 7-foId coordination of the Zr"^  ^ ions that are bound on one side in 4-fold 
conformation and in 3-fold coordination on the other (Figure 1.14).
Figure 1.J4: Tetrahedral bonds o f the Zr in zirconia
1.4.6 Zirconia doped alumina
It is often found that one support may have some desirable traits, e.g. thermal stability 
and another may have other, equally important characteristics, e.g. high surface area or 
good active metal retention. Therefore, by doping one metal oxide with another, it is 
possible to enhance both these effects and produce a mixed metal oxide support that is 
superior to either of the individual metal oxides alone.
During both the temperature-induced preparation and the harsh working atmosphere 
present in CO detection, it is desirable for the high surface areas of the alumina to be 
stabilised and maintained; the activity of the zirconia should also be retained. This leads 
to the requirement for good interaction between both metal oxides [43]. Since not all the
Al^^ ions in AI2O3 are found in their ideal positions, the larger Zr'^  ^ions have room to fill 
otherwise too small cation vacancies within a transition phase alumina’s structure. 
Addition of the Zr'^ '^  ions within the y-alumina phase leads to occupation of ideal 
positions (quasi-octahedral and trihedral sites). This prevents total rearrangement of the 
structure to the a-alumina which would result in no room for the Zr"^  ^ ion (unless total 
separation of the two metal oxides were to occur; this is unlikely due to the high energy 
barrier that needs to be overcome for this recrystallisation to occur [43]).
.4+
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1.4.7 Pt and other catalytic metals
Nickel, palladium and platinum are in Group 8 in the Periodic Table and often catalyse 
the same reactions. However, nickel is more chemically reactive and therefore more 
susceptible to oxidation, which shortens its catalytic lifespan. Furthermore, nickel reacts 
more slowly, and as such more material is required. In contrast, platinum undertakes the 
same reactions at a faster rate leading to the need for comparatively less metal; however 
it is more expensive [44].
Platinum is derived from the Spanish ‘platina’ meaning silver and is a hai'd, dense, silver- 
grey metal that is resistant to all but the harshest of acids and bases. It was first observed 
in the early eighteenth century by Spanish explorers searching for gold in the Pinto river. 
Whilst panning for the bright yellow pieces of gold (placer deposits) they often also 
caught white stones, which they named ‘platina del Pinto’ (silver of the Pinto river). It 
was not until the turn of the nineteenth centuiy that T.O. Bergmann identified the 
constituents of the platina to comprise of iron, platinum, iridium and rhodium. Platinum 
is now mined across the world and major deposits can be found in South Africa, 
Zimbabwe, Russia, USA and Canada [44].
Natural deposits are found in dunite, of which there are two forms: olivine containing 
mainly magnesium silicates and some iron silicates, and hortonolite, which is 
predominately iron silicate with some magnesium silicate. Near the earth’s surface 
platinum is found as an Fe-alloy, while at deeper levels as Pt-As compounds. Since 
platinum and ‘platinum group metals’ (Pt, Pd, Os, Ir, Rh, Ru) are present in low 
concentrations in these deposits, and all have similar chemical properties, a number of 
stages are required to remove waste products and to concentrate the metals before they 
are refined [45].
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Figure 1.15: Flow diagram o f  mineral processing [45]
Sorting the ore is a manual, labour-extensive process requiring the separation of ore from 
other mined rock (Figure 1.15), During the crushing stage, the ore is ball-milled down to 
fine particles. It is important that these particles are not so large that all the ore is 
irretrievable with the bulk. Since platinum group metal particles rely upon their 
association with sulphides in order to be recovered during flotation, too much grinding 
will separate the platinum group metals from the nickel and copper sulphide particles 
such that they are unrecoverable and hence end up on waste tips.
The powdered ore is then mixed into chemical solutions to allow metal particle flotation. 
The solution comprises of water containing surfactants (phosphate compounds) which 
bind to the metal particles and are repellent to water, and suppressors that hinder the 
surfactants fr om binding to unwanted metal complexes (especially chromite). Air is then 
blown through the solution in order to move the ‘floaters’ away from the solution and 
into the smelting area where the chromite is completely removed from the platinum 
group metals and silicates [45]. Removal of iron can be achieved by oxidising the iron 
sulphates (SO2 is trapped and converted into sulphuric acid to prevent it being released 
into the atmosphere). The iron oxide is poured off as a slag. Other base metals.
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including nickel, copper and cobalt comprise the majority of the material at this stage 
[45]. However, a slow-cooling matte process can removed these based on their lower 
melting points to leave raw platinum group metals.
Refining of the raw platinum group metals was originally undertaken by dissolving the 
material in aqua regia. Addition of iron sulphate results in the precipitation of gold 
chloride. Careful adjustment of the pH (by alternative addition of ammonium chloride 
and hydrochloric acid) allows the separate precipitation of both platinum and palladium 
chlorides. This process is complicated by the presence of Ru, Os and Ir, and is also time- 
consuming and costly. Modern refining procedures are based on either solvent extraction 
using NH4CI and organic solvents, or ion exchange [45].
Pt is probably the oldest metal employed as an oxidation catalyst, as it resists oxidation 
(up to 370 K). Langmuir studied Pt for the reacting CO with O2 and showed that, prior to 
Pt activation by H2 and O2, is reactive. The non-stoichiometric ratio of CO and O2 
adsorbed depends upon the Pt pre-tieatment; a clean Pt surface adsorbs the two gases 
stoichiometrically, oxidising pre-treatment increases the amount of CO adsorbed, and a 
reducing pre-treatment ensures a higher O2 adsorption.
1.5 N2O decomposition catalysis
The requirements for a catalyst to decompose N2O in a satellite propulsion system are 
different fr'om the requirements for a CO oxidation catalyst sensor, in that the N2O 
catalyst must be able to withstand the temperatures produced by decomposition (up to the 
adiabatic decomposition temperature of 1913 K) in order to sustain catalytic behaviour 
for a reasonable time span. The reaction of N2O to NO, NO2 and di- or tri-mers is 
detrimental as this leads to a reduction in thrust and has a negative effect environmental 
impact. However, specificity towards to the reactant on the surface of the catalyst is not 
important since N2O is the only the gas present [46].
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N2O is a gas at room temperature and has a molecular weight of 44.02, a melting point of
170.8 K (at 5.7 Pa), a boiling point of 183.7 K at standard pressure and a critical 
temperature of 309.65 K and 7.2 X 10"^  Pa. At S.T.P. its density is 1.977 g dm'^, its 
specific gravity is 1.970 relative to air (air = 1) at 298 K and its vapour density of 1.53 
(relative to air =1) [27]. It is a linear molecule, that is isoelectronic to CO2 with two 
significant resonance hybrids.
4" - +— O N = N =0
Figure 1.16: Resonances ofN20[46]
1.5.1 Catalysts for N%0 Decomposition
Research into N2O decomposition catalysts has concentrated on Cu/ ZSM-5 and other 
zeolites (often described as being in their over-exchanged forms) [47-53]. A large 
amount is known about this catalyst, especially its activity, oscillatory behaviour and 
stability; this has lead to further research into Cu-based catalysts such as Cu on activated 
carbon, diamond and fibrous forms of carbon [50, 54-56], copper oxides stabilised with 
Group 7 and 8  metals (Pt, Pd, Ru and Rh) [57-62], and metal oxide supports with similar 
chemical stability to CuO including AI2O3, CoO, Ti0 2 , Si0 2 , NiO, ZnO, Z1O 2 and Ce0 2  
[58, 59, 63-73]. More obscure supports include M0 O3/ Sb2 0 3  or Ba/ MgO [73], and 
finally Na and K on activated carbon with doping MgO [72] and lanthanide oxides [6 6 , 
71] for structural support and stability, and without doping [56]. In all cases it is 
important to note that a variety of active oxidation states is crucial to allow the adsorption 
and desorption of N2O, N2 and O2 molecules.
Literature suggests that solids such as CuO, NiO, ZnO or Zr0 2  are as stable to the 
conditions present as the more traditional supports (AI2O3, Si0 2 , Ti0 2 , zeolites), whilst 
actually providing active sites for N2O decomposition [74]. The addition of Group 7 and 
8  metals enhances activity and reduces sintering. However, the oxidation of these metals 
lowers the melting points of the catalyst, such that life expectancy can be significantly
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reduced. Therefore, introduction of lanthanides has recently been investigated. 
Lanthanide metals have fewer accessible oxidation states, but their oxides are stable to 
higher temperatures.
1.6 Preparations of catalysts
There are three principal methods of preparing metal oxides: solid-state reaction, co­
precipitation and sol-gel synthesis [59]. The solid state reaction involves grinding 
together different metal oxides until a fine powder has been achieved. Co-precipitation 
requires mixing metal precursors together, often whilst heating, and then varying the pH 
such that the mixed metal oxides precipitate out of solution. This gives rise to a solid that 
usually includes many impurities that need to be removed. Sol - gel preparations involve 
mixing the metal precursors in a solution that allows polymerisation of the metal/ metal 
oxide complexes; by way of hydrolysis and condensation. As the polymers build up, they 
eventually cause the solution to become gel - like. The structured metal oxide complex 
surrounds the solvents and other materials trapped within the pores. To remove the 
impurities, it is necessaiy to heat the structured metal oxide product. These preparations 
will be discussed in gieater detail later in this research (Chapter 2).
1.7 Overview of the research
Early catalysts were predominantly prepared by either mechanical mixing or 
impregnation to form the supports. The more modem method of sol - gel preparation 
allows more control over conditions that ultimately allow for a better mixed products [75- 
77]. This research is in two parts, the basics of which are similar: the study of the activity 
of catalysts, understanding and explaining the mechanisms, comparing catalysts for the 
two reaction process, and understanding both the preparations and solid - gas interfaces 
of the catalysts.
Both CO and N2O catalysts have previously been well investigated using many analytical 
techniques including Mass Spectrometry (MS) [65], Gas Chromatography (GC) [69],
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Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS [50]), Raman 
Spectroscopy [78], Fourier Transform Infrared (FTIR), Ultraviolet-visible (uv-vis) 
Spectroscopy [79], Reflectance Absorption Infrared Spectroscopy (RAIRS) and Low 
Energy Electron Diffraction (LEED) [80] methods. These results have led to postulated 
mechanisms of the reactions and explanations of other phenomena; for example the 
oscillating effect during both N2O and CO feed-times [53, 81].
For the CO-oxidation research, the basic catalytic material was predetermined by the 
sponsor company (Servomex), and research was based upon determining a preparative 
method that would not sinter during the high temperature pre-treatment; and lead to a 
catalyst that is selective to CO within a harsh gas stream, and where sulphur oxide 
poisoning is prevented during its usefiil life span (at least two years).
In contrast, the N2 0 -decomposition based research provided the opportunity to 
investigate a greater variety of catalytic preparations and a wider variety of materials. 
Further, as previously discussed, the requirements for the N2O decomposition catalysts 
also required high temperature stability (temperatures up to 1900 K are not unlikely). 
Weight considerations, stability and cost are the other three major priorities during this 
section of the study.
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II Sample Preparations
2.1 Introduction to the preparative methods available
Supported metal oxides are widely used for a range of catalytic processes such as flue gas 
control and analysis, automotive exhaust emission control and satellite propellant 
decomposition [1]. Such catalysts can be prepared by three routes: impregnation, 
precipitation and sol - gel. Impregnation is generally considered to be the simplest, 
crudest method producing a material that is often poorly mixed with limited catalytic 
potential. Precipitation is often complex, with many stages involved. Sol - gel route can 
also involve many stages, but has the advantage of using starting materials that, once 
reacted, produce by-products that are easier to remove than with the precipitation method.
2.1.1 Solid state reaction
The solid-state reaction route of calcination of different metal oxide precursors that have 
been milled togetlier [1] is often used. After calcination some of the particles will have 
fused together to give particles and some will not have reacted. The mix of 
heterogeneous particles results cab give uneven samples and non-reproducible catalytic 
results.
n
Figure 2.1: Diagram showing hall milling to smaller particles o f unevenly dispersed
materials
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2.1.2 Co-precipitation method
There are three types of precipitation possible, depending on the conditions (pH, 
temperature), the nature and ionic radii of the metal cation and ligand. Only metals with 
similar ionic radii can be incorporated into one metal oxide structure.
Controlled Mixing
Precipitation
Ageing
Filtering & 
wastiing
Drying
Calcination
Forming
Base
Metal A 
salt
Metal B 
salt
Mixed metals
Support
precursor
Figure 2.2: Schematic o f precipitative route to catalysts [2]
The three forms of co-precipitation are:
1. Perfect precipitation, which is ideal and occurs when cations can simultaneously 
precipitate to form a perfectly mixed precursion of approximately 5 nm sized 
particles.
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2. Differential precipitation is the commonest situation where the cations have 
different solubilities (and precipitation rates) leading to heterogeneously mixed 
precipitates of approximately 100 nm sized particles.
3. Crystallisation from complexes that have the desired stoichiometries leading to an 
average particle size of about 10 nm.
2.1.3 Sol - gel synthesis
Sol - gel synthesis enables the precipitation of colloidal and inorganic polymeric gel from 
organometailic compounds (Figure 2.3) [3]. There are numerous sol - gel routes to 
synthesise metal oxides, which all lead to different products with an almost infinite range 
of useful materials depending on the control of several parameters: pH, catalysts, nature 
of the metal and ligands, solvent and initiator/ stabiliser used, the volume of water 
introduced and the time allowed for gelation and temperature.
oooooooooooooooooooooooooooooooooooo
Precursor Sol Gel
SpinningorDipping
Xero-gel DenseCeramic
Film Coating
Figure 2.3: Schematic processes involved in sol - gel preparations, and possible
products from the solution (sol) to gelation, and the useable forms o f sol - gel, such as 
thin film coating [3]
Sol - gel syntheses are sometimes preferred because they are easier to perform and use 
low temperatures to initiate reactivity between different materials to form a mix on a
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molecular level of Mx-O-My network gels. Low temperatures avoid phase transitions 
often observed in metal complexes such as alumina, and alkoxide precursors introduce 
fewer impurities and can be easily purified by distillation.
2.2 Hydrolysis and condensation
In sol - gel synthesis the positive charge of the metal cation and the electronegativity of 
the attacking groups [4] are important. Most metal alkoxides, especially transition metal 
alkoxides, are highly reactive species: this is due to the electronegative alkoxy groups 
withdrawing elections fi'om the electropositive metal at the core leaving it prone to 
nucleophilic attack (Figure 2.4). The mechanisms of the nucleophilic substitution starts 
with nucleophilic addition of the HOX gr oup to the metal centr e, followed by a proton 
transfer step fiom the entering molecule to the leaving alkoxy group, and finally the 
departure of the leaving group.
R O -M -O R  HO - X 
OR
^ O R
/ \ " " 'O X  
ORRO
OR
HO - R + RO—1^—OX 
OR
Figure 2.4: Nucleophilic substitution o f  hydroxy groups into metal alkoxides.
Metal alkoxides react readily with water to form hydroxides with varying rates; for 
example, aluminium-tri-sec-butoxide reacts almost instantaneously with atmospheric 
moisture to give white, solid aluminium hydroxide (Figure 2.5) [5].
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H - O  +  M “ OR 
H (a)
H - O - M  +HOR
H
H
p : - M - O R  
(b)
(d)
Figure 2.5: Mechanism o f hydrolysis [6]
H 0 - M - : 0
(c)
\H
Hydrolysis occurs in three stages (Figure 2.5): initially there is a nucleophilic addition of 
water to the electron deficient metal centre (a) that leads to a transition state (b), where 
the coordination of the metal has increased by one. The next step is an intramolecular 
proton transfer to an electron-rich oxygen in an adjacent alkoxy group (c). Finally, the 
electron-deficient species is now the protonated alkoxy group that departs leaving the 
hydrolysed metal species (d). The process is a nucleophilic substitution and the 
thermodynamics, governed by the charge distribution, indicate that this reaction is 
irreversible since the nucleophilic characters of the entering group and the electrophilic 
character of metal core are strong: 0(0) «  0 and 8 (M) »  0; and the nucleofugal 
character of the leaving group is strong 0(ROH) »  0. (Where 8  the electronegativity of 
the molecule). The reaction mechanism has been proved to proceed in the same manner, 
by nucleophilic attack of the oxygen (of water) onto the metal core. This has been 
proved by isotopic labelling (Figure 2.6) [7].
M OR + H m n M 180H + ROM
Figure 2.6: Isotope involvement in nucleophilic reaction between water and metal
alkoxides [7]
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Once the alkoxide molecule has been hydrolysed it can then undergo condensation. 
There are three competing types of condensation that occur, depending on the molecules 
involved in the reaction: alcoxolation, oxolation and olation [8 ]. It is important to note 
that during sol - gel preparation hydrolysis and condensation proceed concurrently.
• Alcoxolation produces a bridged oxo-group between two metal centres via the 
elimination of an alcohol molecule (Figure 2.7).
M
P  + M - O R
H
M -0 ;-M -0 R
H
M -O -M  +  ROM
R
M —0 ~ M — lO
H
Figure 2.7: Scheme o f alcoxolation [8]
• Oxolation occurs, similar to alcoxolation, between two hydrolysed alkoxides. 
The thermodynamics and kinetics that govern this reaction are based on the same 
principles as for hydrolysis (Figure 2.8) [3].
P  +  M-OH
H H
t
M—Q—M +  HgO
H
M — Q — M — ; P
H
t
Figure 2.8: Scheme o f  oxolation [8]
•  Olation occurs when there is an expanded coordination around a molecule; the 
hydroxy group binds directly to a metal centre, releasing a solvent molecule
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(Figure 2.9). The thermodynamics of this reaction are still dependent upon the 
distribution of the charges within all the molecules. This reaction is favoured 
when the entering group is a strong nucleophile and it is approaching a highly 
electrophilic metal centre. This reaction leaves highly active, tri-coordinated 
oxygen that will aid further reactions.
/RM -O H  + M — :0  -------- ► M - 0 : - M  + R O H\ H H
Figure 2.9: Scheme o f olation [8]
After hydrolysis and condensation have taken place, the original solution of metal 
alkoxides and stabilisers will have become a gel with a network structure. The extent of 
this depends upon the contributions of each competing mechanism; these are dependent 
upon var iables such as pH, nature of both metal and ligand, solvent effects, temperature 
and any chemical modifiers present.
2.2.1 Variables of the Sol -  gel method
e h
The pH of the system determines the rate of the hydrolysis reaction and is split into three 
regions [7]: (1) pH < 2, (2) 2 < pH < 7, (3) pH > 7. During condensation, the pH 
determines both the rate of condensation [9] and the solubility of the product [9]. It has 
been shown by Engelhardt et ah [10] that condensation products are generally grown in 
the following order (Figure 2.10) dependent upon depolymerisation (ring opening) and 
the availability of the monomers in the solution at equilibrium, both of these are pH 
dependent.
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m onom er -------- ► dimer lineartrimer
V
higher order _______  cyclic   cyclic
rings te tram er trimer
Figure 2.10: Order o f  condensation [9]
Below pH 2, the rate of condensation is proportional to the acid concentration; the 
insolubility of most primary metal particles leads to the release of particles greater than 
2nm in diameter from the system, preventing large gelation growth. Between pH 2 and 6 , 
condensation rates become proportional to the hydroxide concentration. Initial 
dimérisation is slow but once initiated larger, highly condensed molecules (e.g. dimers) 
will preferentially react with less highly condensed molecules (e.g. monomers) [1 1 ]. 
Cyclisation will occur due to the close proximity of the chain ends. Again, particle 
growth stops once the pai'ticles reach 2 - 4 nm in diameter due to the low solubility of 
metal hydroxides in the acidic pH range. If the pH range is greater than 7, the solubility 
becomes less of a problem [12]. Lai ger agglomerates of polymer result with the reaction 
of monomers to the more condensed particles, in preference to particle aggregation. 
Growth is stopped when the difference between the laigest and smallest particles 
becomes indistinguishable [1 0 ].
Nature o f the metal ions
The increased electropositivity observed with transition metal complexes when 
progressing along a row of the Periodic Table enhances activity towards water; many 
metal alkoxides must be handled and stored carefully in dry conditions to prevent 
vigorous hydrolysis occurring [10-14]. Transition metals often have the ability for 
increased coordination, and this expansion facilitates the hydrolysis [15-18]. In 
condensation reactions, the hydroxy groups are highly negatively charged and this allows 
for nucleophilic attack of the metal centre. This leads to a preferential alkoxolation
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condensation process. With transition metals, this leads to well-defined oxo-alkoxides, 
which can be isolated as crystals and studied. An example of this reaction is shown in 
Figure 2 .11. In all cases the metal expands its coordination during the transition stage.
RO—M HOH — M—OH + ROM +T
Figure 2.11: Reaction progress o f alkoxolate Zr(OR) 4  during sol - gel synthesis 
Nature of the organic ligand
It has been observed that the rate of hydrolysis decreases as the length of the alkyl chain 
on the ligand increases; longer chains make proton transfer harder due to steric hindrance 
[13]. The length and structure of the ligand affects the partial charge of the metal atom 
and longer chains reduce the reactivity of the transition metal centre, resulting in slower 
hydrolysis. The ligand type also affects the condensation rate; larger alkyl groups lead to 
longer gelation times, such that many transition metals alkoxides never gelate under 
neutral/ basic conditions without chemical modification. Most metal oxide 
characteristics including particle size, surface ar ea, morphology and extent of crystalline 
phases depend upon the alkoxide groups attached [3]. This is because smaller chain 
ligands result in oligation (Figure 2.9), while larger chains prevent such intrabonding, 
making interatomic structuring less likely to occur .
Temperature
Raising the temperature increases the rate of reaction. Hence transition metal alkoxide 
reactions are kept at low temperatures to prevent uncontrollable hydrolysis from 
occurring [3] (Figure 2.12). A fully hydrolysed metal would become insoluble and leave 
solution, thus preventing condensation, and gelation, from occurring.
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HOH
OH
H O -^ -O H
OH
OR ORo \ /'^"o— M— O
H ' IOR
H
ROH 
- H+
HO OH 
R / ^ \ /  Ho—M—O.
H
OH
+ HOH
ROH
-H+
+ HOH
'-RO H
-H+
R.
OR OHo \ / H
H'° T °IH
OR
+ HOH -ROH-H+
HO OH 
OR
Figure 2.12: Uncontrollable hydrolysis. Metal hydroxide precipitation can occur i f
hydrolysis is too fast.
Solvent Effects
Solvents with high dielectric constant (such as formamide, propylene carbonate and 
water) can cause cleavage of the polar MO-C bonds, rather than the expected M-OC 
bond. This results in a different mechanistic pathway; however, MO-C bond cleavage of 
tertiary alkoxides does not occur [3].
Chemical modifiers
Chemical modification is necessary to control reactions and enable steady gelation; 
examples of chemical additives include acidic catalysts, solvents, stabilising agents and 
drying control [chemical] additives [19-20]. In this study, the chemical modifier used 
was 2,4-pentanedione, which is a strong binding, bidentate, chelating ligand that aids the 
coordination expansion of A1 from 4-coordinate to 5. Water then results in expansion of 
the A1 to become a 6 -coordinated species; the butoxide ligands are released as butanol. 
The 2,4-pentanedione (acac) is strongly bound and is a poor leaving group, this slows the 
reaction to a controllable rate (Figure 2.13).
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AI(OBu)g + acac AI(OBU)p(acac) + BuOH
BuO. .,OBu 
OBu
H3C
/ r ° :  .OBU 
HO ( AI
^ — O OBu
H3G
Figure 2.13: 2,4-pentanedione and water can be used to increase the coordination 
number o f Al in order to enhance hydrolysis reactions
The nature of the transition metal alkoxides make them susceptible to hydrolysis forming 
precipitates rapidly with the presence of water. The volume of water must be strictly 
controlled to prevent this. It has been shown that if controllable, semi-rapid hydrolysis 
and condensation occurs then it is possible to produce the desired gel; however, by 
varying the rates it is possible to vary the product (Table 2.1). Chemical modifiers are 
used to stabilise the sol - gel process in order to ensure that the reactions proceed at a rate 
that is neither too slow to be observed, nor so fast as to be unpredictable.
Table 2.1: How the rates o f  hydrolysis and condensation affect the products
produced [3]
hydrolysis rate condensation rate result
SLOW SLOW colloids/ sols
SLOW FAST controlled precipitate
FAST SLOW polymeric gels
FAST FAST colloidal gels or gelatinous 
precipitate
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2.3 Thermal Treatments
It is possible to treat the gels formed in two ways to obtain porous, high surface area, 
heterogeneous metal oxides: thermolysis and sintering. Thermolysis is preferred if the 
product is to be a catalyst, since the surface structure is not destroyed.
Thermolysis
In thermolysis the gelled products are heated to form crystalline oxides or glasses [21]. 
During this stage the organic ligands decompose leaving a skeletal, polymeric oxide 
network. Condensation reactions continue during heating, resulting in a network with 
lower excess free volume and an organised structure. The release of gaseous solvents 
and water (from further condensation) affects the homogeneity of the products. For 
example, small pores prevent water leaving the structure and the build up of water 
pressure allows re-hydrolysis and cation segregation to take place [21]. Large, porous 
networks release water and solvents quickly, alienating undesirable side reactions.
Sintering metals
For catalysis, sintering is undesirable since it reduces the active life span of a material. 
The effect behind sintering is that small ciystallites decrease in size, and large ones 
increase in size and coagulate [22]. This leads to the formation of larger crystallites 
where the active metal atom is tiapped into the centi'e of the particle and becomes 
unavailable for catalysis. Metal - metal bond energies are larger than for the metal - 
support ones, hence large crystallites are energetically favourable. There are many 
mechanisms that may explain the process of sintering, but the subject is, as yet, not fully 
understood [22]. The three most accepted mechanisms are: (i) emission of a single atom 
at high temperatures, (ii) crystallite migration via surface diffusion, and (iii) gas or liquid 
phase transportation. In a given system it is possible for all three mechanisms to take 
place.
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2.4 Preparation of samples
support metal alkoxides + solvent
stabiliser
water + so vent
active metal chloride 
+ solvent
HYDROLYSIS AND CONDENSATION 
PROCESSES
^^^p^merisation^
colloidal network 
and / or precipitation
drying, by evaporation 
or extraction
calcination
SOL STAGES
GEL STAGES
XERO-GEL
METAL OXIDE 
FORMATION
Figure 2.14: Stages o f  sol - gel preparation [24]
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The sol - gel method undertaken in this thesis was based on research by Debsikdar [23] 
and Salvesen [24]. The nine-stage process (Figure 2.14) is designed such that the support 
metal alkoxides are introduced first and activated, using 2,4-pentadione and water, prior 
to the addition of the active metal precursor. This allows the support material framework 
to be formed, with a reactive surface area that the active metal chloride can interact with. 
The mixed metal solution is then left to react and produce a gel by polymerisation. Once 
the gel is formed, it is dried to remove the solvents, precursors and reaction by-products. 
Once these small molecules are removed, the product consists of a heterogeneous mixed 
metal oxide, regular network containing catalytic active metal sites.
2.4.1 Preparation of CO oxidation catalysts
All variations of Pt on zirconia doped alumina were prepared by sol - gel synthesis. The 
preparation of 10% Ft/ 10% Zr0 2  - 90 % AI2O3 is described as an example. The 
conditions for the other preparations are listed in Table 2.2.
2,4-pentanedione (0.87 cm^, 0.87 mmol, Aldrich, 99 %) was added to a stirring mixture 
of butan-2-ol (2.07 cm^, Aldrich, 99 %) and ethanol (1.19 cm^, Aldrich, 99.87 %). 
Aluminium-tri-sec-butoxide (1.40 cm^, 5.63 mmol, Aldrich, 97 +%) was introduced 
rapidly and allowed to react slowly over 1 h. A mixture of deionised water (0.10 cm^) 
and ethanol (1.43 cm^) was added to the aluminium containing solution and stirred for a 
further hour, in order to allow partial pre-hydrolysis to occur. Zirconium iso-propoxide 
(0.22 cm^, 0.77 mmol, Aldrich, 70 % in propan-l-ol) was added with 2,4-pentanedione 
(0.05 cm^, 0.5 mmol), and the mixture was stirred for another hour, after which further 
butan-2-ol (1.60 cm^), ethanol (2.46 cm^) and water (0.48 cm^) were added. After a 
further hour of stilting, hexachloroplatinic acid hexahydrate (1.00 cm^, 15 mmol, 
Aldrich, 17 % Pt metal) in a solution of butanol (0.31 cm^) and ethanol (0.44 cm^) was 
added to the mixed metal solution. The complete reaction mixture was stirred for 1 h 
before it was covered and allowed to stand and age at room temperature for two weeks 
until gelation had occurred.
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Extensive research into these solutions by Salvesen [29] showed that the controlling 
factors were:
(i) The concentration of total alkoxide in the solvent.
(ii) The hydrolysis ratio (h) i.e. the amount of water added divided by the metal 
compounds.
(iii) The amount of stabilising agent (2,4-pentanedione).
(iv) The solvent composition (i.e. the higher the concentration of alkoxide (when 
defined as the molar amount of aluminium and zirconium present in the combined 
solution) the greater the rate of gelation).
The hydrolysis ratio, h = [H2O]/ [M(OR)n], is a crucial factor in determining the surface 
aiea of gels [25]. A stoichiometric mixture of water and the alkoxide allows complete 
hydrolysis [25]. Salvesen [24] determined that h = 5 gave the maximum AI2O3 surface 
area whilst ensuring that rapid gelation occurred for this type of Pt on ZrÛ2 doped AI2O3.
2,4-Pentanedione was introduced as a stabilising agent to control the rate of the reaction; 
a low concentration (< 40 %) led to rapid gelation or precipitation, whilst a high 
concentration (^ 60 %) resulted in stable sols that were reluctant to gelate [24].
Hexachloroplatinic acid (HPA) was added either at the sol stage or was impregnated into 
to the sol - gel support. Impregnation was undertaken by diluting HPA (1 .OOg) into a 
mixed butanol (0.51 cm^) and ethanol (0.44 cm^) solution. This was then added to the 
solid in a di'opwise procedure. The impregnated solid was then mixed and dried at 393 K 
for 2 h. Impregnation in four stages was also studied; the diluted HPA solution was 
separated into four sections and impregnated, with mixing and drying between each 
addition. It was observed that none of the impregnated materials provided thermal 
stability for Pt (SEM - EDX in Section 4.2.9) above 723 K. It was also determined that 
varying the percentage of zirconia between 5 - 18.2 % revealed that 10 % ZrÛ2 - 90 % 
AI2O3 allowed for the best Pt dispersion across the support material. Table 2.2 shows the 
range of catalysts prepared using the sol - gel method.
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Table 2.2: Catalysts prepared by the xoî - gel method, and the différent metal
compositions .produced.
rSamples %wtAÎ2O3
%wt
Zr0 2
%w t
Y2O3
%wt
Ce0 2
% w t
Pt Preparation |
AI2O3 1 0 0 - - - - 1
1
1As di scu ssed in 1 
Section 2.4.1 |
1
5% Zr02"95% AÎ2O3 95^ • 5 - - - -  -
10% ZrO2-90% AI2O3 9 0 " 1 0 - - -
1% Y2O3-W0 ZrO2-90% AI2O3 90 9 • 1 - -
13.6% Zr02"S6.4% AI2Ü3 86.4 13.6 - - -
15.8% Zr02-84.2% AI2O3 84.2 15.8 - - -
18.2% Zr0 2 -8 i.S% AI2O3 81.8 18.2 - - -
2%Pt/98?/oAl203 98 - - - 2
2 % P t /10 % ZiO.2--90% AI2O3 8 8 .2  . 9.8 . - - 2  .
2% Pt/ 5% Zi0 2 -9 5 % AI2O3 93.9 4.1 - - 2
2 % Pt/ 1 %Y2 0 3 “-9 % ZrOr-9G% AI2O3 8 8 .2 8 .8 1 - 2 ■
1 0 0 % Zr0 2 - 1 0 0 - - - !
lower solvent ratio5% Ce0 2 .9 5 % ÀI2O3 95 - - 5 -
8 % Zi02-92% AI2O3 92 8 - - -
5% ZrOi-95% AI2O3 95 5 - - - ASB + ZIP intr oduced 
-simultaneously2 % Pt/ 5% Ce0 2 -9 5 % AI2O3 93.9 - - 4.1 2  .
10% ZrÛ2-90% AI2O3 90 10 - - - . no 2^4-pentanedione added
10%Zi02-90%Al203 90 1 0 - - - no water added
10%ZrÛ2-90%.Al203 90 1 0 - - - water added after 3 weeks
2% P t/10% ZrOz-90% AI2O3 8 8 .2 9.8 - - 2 Pt impregnated2% Pt/ 1%Y203-9% Zr02-9D%_^203 8 8 .2 8 .8 1 - 2
2% P t/1 0 % ZTO2- W 0 AI2O 3 8 8 .2 9.8 - - 2  • Pt impregnated in 4 stages
The solvent composition is impoitant as the exchange reactions are dependent upon the 
alcohol present. Witli only butan-2-ol present there was precipitation due to the insoluble 
natiue of the 2,4-petanedione - aliuniniuin-tii-.r<?c-butoxide complex; tlierefbre, tlie 
presence of ethanol was essential to prevent this. For the preparation of Ifr^o Pt/ 10% 
ZrOa - 90% Al^Uj, it was shown tliat tlie optimal ratios are shown in Table 2.3.
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Table 23: 
AI2O3
Optimal Solvent ratios required to prepare 10% Pt/ 10 % Zr02 - 90%
Solvent 1: Ethanol : Butan-2-ol 1 : 1.734
Solvent 2: Ethanol + prehydrolysing water
Solvent 3: Ethanol : Butan-2-ol + remaining water 1.552 : 1
Overall concentrations: Solvent 1 : Solvent 2 : Solvent 3 2.28: 1 : 2 .1 1
The importance of stabilising zirconia is well documented (as discussed in Section 1.1.4) 
[25], particularly with addition of yttr ia (Y2O3) that stabilises Zr0 2  in its monoclinic form 
and creates oxygen vacancies that can enhance its catalytic ability. Therefore, in all 
cases, 8  % yttria stabilised zirconia (YSZ) since it was hoped that this would help at the 
high temperatures generated in the harsh conditions to which these catalysts were 
exposed. Many catalysts were prepared using this preparation, and the most important 
ar e listed in Table 2.2 (including the ratio of metals introduced).
Since the original solvent: metal ratio was observed to be too low to initiate the gelation 
of the higher Zr0 2  loading; the ratio was increased to 96.7 : 3.3 (solvent : metal) for 10 % 
loaded zirconia on alumina. It was also important to alter the ratios of the solvents added 
at each stage, such that the aluminium-tri-^ec-butoxide could hydrolyse, with no 
significant condensation since this gave better mixing with the zirconium-iso-propoxide, 
and meant that the preparation solvent ratios (Table 2.3) were altered from the literature 
preparation (Table 2.4).
Table 2.4: Difference in overall solvent ratios between literature values and optimal
concentrations for 10 % zirconia doped alumina
Stage 1 Stage 2 Stage 3
Literature 26.0 47.5 17.5
Optimal 26.5 40.5 42.0
This ratio of solvent allowed a low concentration of metal complexes in order for 
aluminium-tri-s-ec-butoxide to undergo slow hydrolysis; yet once zirconium-iso-
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propoxide had been introduced, the concentration of metai ions was sufficient for 
condensation to commence. Addition of 2,4-pentanedione at the same time as zirconium- 
iso-propoxide also enhanced the rate of hydrolysis for the zirconium complex. 
Condensation of both the metal complexes (Ai(GR)x(OH)y and Zr(OR)x(OH)y) was 
designed to occur simultaneously, to ensine a high degree of homogeneity.
2.4.i  Preparations for N2O  decomposition catalysts
Three preparative methods were used to synthesise catalysts that had high surface areas, 
small average paiticle sizes, were thermally stable and possessed good activity in N2O 
decomposition. The tlnee metliods aie described for the preparation of 8  % Co -  4 % Cu/ 
92 %  ZnO. However, similar routes were undertake for all catalysts prepared for the 
comparative scan work described in Chapter 5.
t i l  Précipitation using metfavinentadioi IMFDl 1261
Zinc acetate (25.82 g, 140 mmol, Aldiich, 99.9998 %) was placed in a round bottom flask 
and refluxed for an hour. To this was added methylpentadiol (50 cm^, Aldrich) and water 
(Ï cm^). This was retluxed and stiired. The temperature was increased to 140 over 30 
min and held for 1 h. The temperatme was dien slowly raised to ISG^C and held for 2 h 
after which the source of heat was removed and the mixture cooled. Cobalt nitrate (3.28 
g, 11.3 mmol, Aldrich, 99.999 %) and copper nitrate (2.17 g, 7.34 mmol, Aldrich, 99.999 
%) in ethanol (50 cm^, Aldiich, 99.87 %) were added. After the mixture had been stiired 
for 1 h; Ae precipitate was filtered and dried at 393 K in air.
121 Précipitation a t room tem perature nsinn acid -  base titration 1271
Zinc acetate (25 84 g, 140 mmol, Aldrich, 99,9998 %) was dissolved in water (100 cm^) 
and stirred for 2 h. Cobalt chloride (1.86 cm ', 11.27 mmol, Aldrich, 97 %) and copper 
chloride (1.25 cm^, 7.34 mmol, Aldrich, 97 %) were mixed in water (100 cm^) and 
allowed to dissolve during stiiring. The aqueous solutions were mixed and stiired foi' a 
flirther hour. The pH was slowly increased to between 7.5 and 8.0 using sodium
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hydroxide. The precipitate formed was extensively filtered and washed. The solid was 
dried at 393 K in air.
(3) Sol - gel synthesis 124]
Zinc acetate (25 84 g, 140 mmol, Aldrich, 99.9998 %) was dissolved in ethanol (21.42 
cm^, Aldrich, 99.87 %), butanol (37.26 cm^, Aldrich, 99 %), and 2,4-pentanedione (15.66
cm , Aldrich, 99 %) was added. The mixture was stirred for 1 h. To this was added a 
solution of ethanol (25.74 cm^) and water (1.8 cm^), and the mixture was stirred for 1 h. 
Further ethanol (44.28 cm^), butanol (28.80 cm^) and water (8.64 cm^) were added and
the mixture was stirred for another hour. Cobalt chloride (1.86 cm , 11.27 mmol, 
Aldrich, 97 %) and copper chloride (1.25 cm^, 7.34 mmol, Aldrich, 97 %) were dissolved 
in ethanol (7.92 cm^) and butanol (5.58 cm^). This cobalt - copper mixture was added to 
the zinc solution and stirred for 1 h. The new sol was allowed to age for 1 - 2 weeks until 
gelation occurred. The gel was then dried at 393 K in air.
Table 2.5: ZDA~based catalysts prepared for N2O decomposition and the different
metal compositions produced by sol - gel synthesis
Support ratios
Samples mol% AI2O3 mol% Zr0 2 %wt other M
10%Pd/ 20%Zr02-80%Al203 80 2 0 10% Pd
10%Rh/ 20%ZrO2-8G%Al2O3 80 2 0 10% Rh
10%Ru/ 2 0 %Zr0 2 -8 0 %Al2 0 3 80 2 0 10% Ru
10% Au/ 2 0 %Zr0 2 -8 0 %Al2 0 3 80 2 0 10% Au
10%Ag/ 20%Zr02-80%Al203 80 2 0 10% Ag
5%Ir/ 2 0 %Zr0 2 -8 0 %Al2 0 3 80 2 0 5% Ir
33%Ce/ 5 %Zr0 2 -9 5 %Al2 0 3 95 1 0 0 33% Ce
3 3 %Ce+5 %Ir/Zr0 2 - 1 0 0 33% Ce + 5% Ir
5%Pt/ 5%Zr02-95%Al203 95 5 5% Pt
5%Cu/ 5 %Zr0 2 -9 5 %Al2 0 3 95 5 5% Cu
5%Ni/ 5%Zr02-95%Al203 95 5 5% Ni
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5%Au/ 5 %Zr0 2 -9 5 %Al2Û3 95 5 5% Au
Tiiese synlhetTC methods were used to produce the N2O decomposidou catalysts listed in 
Tables 2.5 and 2.6. Characterisation by XPS, FTIR, XRD and TGA enabled a 
comparison of these catalysts (Chapter 6 ) and showed that activity and calcination of 
these materials varied significantly depending upon the synthesis used.
Table 2.Û: The preparattve methods used to prepare N2O decomposition catalysts
based on Co - Cu - Zn oxide systems
Samples %wt
Co
%wt
Cu
%wt
ZnO
% other M preparation
8%Co-4%Cii/ZnO 8 4 92 - L2&3
8%Co-4%Cu 67 33 1 0 0 - 2&3
ZnO - - 92 . - 1,2&3
l%La-8%Co-4%Cii/ ZnO 8 4 91 l% La 1,2&3
8%Co-4%Cu/ 10%CeOz-ZnO 8 4 82 1 0 % CeOi l,2&3
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III Theories of techniques used
Various analytical techniques were used to determine the surface and bulk structure of 
the catalysts and to enhance the author’s understanding of their catalytic activity. No 
single technique alone is sufficient, so it was imperative that several techniques were 
used in unison to give a complete story about its catalytic activity. In order to understand 
the structure of a catalyst, it is necessary to consider the location of and interaction 
between atoms/ ions both on the surface and within the bulk. This includes 
understanding oxidation states, acidity, surface areas, particle sizes, morphology and the 
conditions of external local environments. Techniques that can determine these factors 
include N2 adsorption and BET determination (Brunauer, Emmett, Teller) analysis and 
dynamic light scattering (DLS) for surface areas and particle sizes; X-ray analyses (X-ray 
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), X-ray fluorescence (XRF)), 
infrared (FTIR), thermal giuvimetric analysis (TGA), residual gas analysis (RGA) and 
scanning electron microscopy, (SEM) can help determine both the nature of the surface 
molecules and the moiphology of the surface.
To understand the catalytic activity it is important to investigate how gaseous molecules 
interact with and adsorb on the surface (i.e. the strength of interactions, direction of 
molecular bonding, etc). From these observations possible mechanisms and rates of 
catalysis can be deteimined. It is not unusual for a combination of techniques to be 
employed simultaneously, e.g. differential scanning calorimetry (DSC) with residual gas 
analysis (RGA), as well as different specific gas detectors within a ‘rig-system’ (which 
will be explained later in detail).
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3.1 Thermal Analyses
3,1,1 Temperature Programmed Reactions (TPD, TPR, TPO)
1
0 INTERNAL C) FILL 0 P R E P A R E  1
0 EXTERNAL 0 INJECT 0 A N A LY SE 1 1
o o
PR E PA R A T IO N  G A S
1 2 3O II O
C A R R IE R  G A S  
1 2 3o  II o
LLO O P G A S
Figure 3.1: Schematic o f Micromeritics TPD/ TPR/ Chemisorption 2900 Analyser [1]
By measuring volumes of gases desorbed at various temperatures on a Micromeritics 
TPD/ TPR/ Chemisorption 2900 Analyser (Figure 3.1) it is possible to determine the 
number, type and strength of active sites available on the surface of catalysts. 
Determination of the gases released under an inert atmosphere dui ing thermal treatment 
is known as temperature programmed desorption (TPD). Preparation of a catalyst for 
TPD requires a sample to be out-gassed (in an inert atmosphere, e.g. He or N2), reduced 
(or otherwise prepared), and then subjected to a steady flow of adsorbate in order that all 
the active sites have interacted with adsorbate [2 ]. The gas flow is then switched to an 
inert carrier gas and the temperature increased linearly with respect to time. At a certain 
temperature, the heat causes the bond between adsorbate (solid) and adsorbent (gas) to 
break and then the adsorbate is released into the gas stream to be measured at the 
detector. The addition of a Gas Chromatograph (GC) or Mass Spectrometer (MS) to the 
outlet gas stream enables the determination of the gases released. Therefore, by passing 
an active gas stream (e.g. CO or N2O) over the sample, the rate of catalysis can be
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determined, these reactions are often referred to as TP(CO), TP(N2 0 ); or as a generic 
term temperature programmed reaction (TPRxn).
A related technique is temperature programmed reduction (TPR) analysis. Reduction of 
the surface helps to determine the number of moles available for reduction, and the 
temperature at which reduction occurs. Hydrogen in an inert carrier gas (He or N2) is 
passed over a sample, and the temperature increased linearly with respect to time, whilst 
the [H2] is monitored. Once the system reaches the temperature at which reduction 
occurs, there is a decrease in the concentration of H2 noted at the detector. Again, by 
determining the stoichiometric factor (in this case the number H2 molecules required to 
reduce 1 active site), the number of active sites can be determined [2 ].
After a sample has been reduced (often after TPR analysis has been performed), the 
sample can also be heated in an oxidative atmosphere (O2 in He or N2). As the 
temperature is increased linearly with respect to time the change in O2 volume detected 
can determine, in a similar manner to TPR, the extent of thermal re-oxidation at different 
temperatures, this is known as temperature programmed oxidation (TPO) [2].
3.1.2 Chemisorption
A gas molecule interacting with the surface may form a chemical bond with the surface, 
through chemisorption. This is specific to surface atoms and therefore chemisorption 
provides information concerning surface area and dispersion of the surface metal atoms 
[3]. It is assumed that little or no interaction takes place on the support. A good catalyst 
will contain a surface that is well defined, in order for a definitive stoichiometry for 
adsorption of gases to exist. Stoichiometry is the number of surface metal atoms that are 
associated with each adsorbed molecule, so that if hydrogen (H2) is dissociatively 
chemisorbed each hydrogen atom will be associated with one suiTace metal atom (M), 
hence the system will have a chemisorption stoichiometry of two [3]. Both stoichiometiy 
(for monolayer coverage) and the number of metal atoms per unit aiea of surface are 
required to estimate surface area. This is explained in more detail in Section 3.3.1.
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Parameters that would affect the nature and extent of gas chemisorption on metals 
include:
• Impurities on the adsorbent surface,
• Reconstruction of the adsorbent surface,
• Metal particle size, and
• Support effects.
Chemisorption of hydrogen, oxygen and carbon monoxide have all been extensively used 
for surface area determination for catalysts [3].
3.1.3 Thermogravimetric Analysis (TGA)
Here the weight loss of a sample is measured as a function of temperature [2]; this is 
done by placing a sample onto a sample-holder hanging from a micro-gram (pg) balance 
during the experiment. The balance mechanism consists of a sample pan holder 
suspended by a long hang-down wire, which is connected to the balance lever by a small 
quartz link to prevent static build up. The weight of the sample holder is 
electromagnetically balanced on the other side and the weight change throughout the 
experiment measured comparatively.
Volatilisation of materials trapped inside gels is an important transition for a catalyst 
where a gel is converted to a porous solid. The temperature at which this occurs is a 
guide to the pre-calcination temperatures required for the samples. Bhattachrya et al [4] 
state “maximum catalytic activity and maximum surface area conespond to the 
temperature where gel dehydration and phase transition starts.”
Each material has a characteristic differential thermal analysis (DTA) curve that can be 
measured on a thermogravimetric analyser. The curve measured both the physical 
transitions (e.g. physisorption/ physi-desoiption, phase changes) and chemical reactions 
(e.g. chemisorption/ chemi-desorption) with increasing temperature. TGA enables tliese
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measurements to be recorded by using a thermobalance comprising of two equally 
weighted pans that are simultaneously heated; the weight change and temperature 
difference between the two pans are recorded. If one of the pans contains a known 
weight of sample, then the difference in weight and temperature aie attributable to the 
sample [5].
The weight loss is definitive, yet transition temperatures are empirical since they are 
dependent upon both instr umental and sample parameters and heating rates. Recording a 
difference in temperature between sample (s) and a thermally inert reference material, 
usually a-AbOs enables a DTA giaph to be plotted as a function of temperature [6 ] 
(Figure 3.2).
exo
AT
endo
T
Figure 3.2: Characteristic DTA profile
The process can be endothermie or exothermic, the onset-temperature at which a 
difference in temperature between the sample and inert reference provides a quantitative 
identification of the state of the sample. A typical DTA curve is shown in Figure 3.2 
where (I) can be identified as an endothermie peak, e.g. as melting; (II) denotes an 
exothermic curve, such as dissociation; and (III) is an endothermie peak, for example a 
phase change (can be either).
The DTA system (Figure 3.3) uses the same heater for both sample and reference and has 
sensors embedded on either side of the balance, usually attached to the pan [7]. The 
magnitude of the temperature change (AT = Tg -  Tr) is proportional to enthalpy change,
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heat capacities and the total heat flow resistance (R). R is also reliant upon the sample 
parameters including packing and thermal contact between the pan and holders. This 
means that a DTA system alone can not convert the AT against time plot into energy 
units, unlike the DSC system (Section 3.1.4), and subsequent calorimetric calculations 
are not possible.
furnace
program m er
recordermicrovoltamplifier
a tm ospheric
control
sam ple reference
Figure 33: Schematic o f  a typical DTA system [8]
This analysis involves weighing a sample (~50 mg) into a platinum crucible and a-Al2 0 s 
(~10 mg) was placed in the reference pan. The balance was then heated at a set rate (e.g. 
10 K min'^) from room temperature (298 K) to a set end temperature (as high as 1193 K) 
in static air. The instrument used, a Stanton-Redcroft STA-780 thermobalance, has good 
reproducibility; optimum temperatures for outgassing, prior to BET analysis (Section 
3.3.1), can be determined from the TGA profiles.
3.1.4 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) is a technique that is used to determine how 
compounds react to heat [9]. Results from DSC can be used to indicate thermal transition 
such as melting points, glass transitions in polymers, and catalysis of gases. The Setaram 
DSC 121 works (Figure 3.4) by comparing a reference pan with a sample containing a
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solid sample. The aim is to heat both pans [to the same temperature] at the same rate. 
Since the pan containing the sample will rise in temperature at a different rate (i.e. 
usually more slowly as it has more material to be heated) this tube will require extra heat 
(energy) to keep the temperature gradients even [10]. It is the extra energy that the 
system measures, and a graph of temperature versus difference in energy at the output 
between the heaters is plotted.
SAMPLE REFERENCE
sam ple
pan
reference
pan
therm ocouple
h eater
therm ocouple
h ea te r
-I—L
Figure 3.4: Schematic o f  DSC system [9]
DSC differs fundamentally from differential thermal analysis (DTA) although both the 
sample and reference are maintained at the required temperature using a predetermined 
programme, even whilst a thermal event occurs in the sample. Therefore, the amount of 
energy that is supplied to or withheld from a sample in order to maintain a zero 
temperature difference between two pans is the experimental parameter with DSC. The 
sample and reference pans are placed onto individual bases that contain platinum 
resistance thermocouples attached to heaters. The temperatures of the pans are recorded, 
and the electrical power supplied to each heater is adjusted so that the temperature ramp 
of both the sample and reference remain equal to the progiammed temperature; any 
temperature difference that would result from a thermal event in the sample is “nulled”. 
The energy signal received at the computer is proportional to the specific heat of the 
sample, where the specific heat at any temperature determines the amount of thermal
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energy required to change the sample temperature by a known amount; such that any 
transition that occurs in the experiment is accompanied by a change in the specific 
energy. This produces a discontinuity in the power signal, and exothermic or 
endothermie enthalpy changes, which can lead to the determination of total enthalpy 
changes, are observed and recorded [1 1 ].
3.1.5 CHN Analysis - calibration method
The CEC(SCP) 240-XA analyser uses the combustion of a sample in an oxygen stream 
(Figure 3.5), the products of this are then cairied to a reduction column by helium gas 
where impurities such as sulphur and phosphorous are removed leaving carbon dioxide, 
water and nitrogen [12]. These are mixed in a chamber and then analysed using 
differential detectors and columns; magnesium perchlorate is used to remove hydrogen, 
and “colourcarb” to remove carbon dioxide. This form of analysis is accurate to ± 0.15 
% for a standard sample size between 0.5 to 5.0 mg (higher for low carbon containing 
compounds); the dynamic range of this analysis is 1 0 0  ppm up to 1 0 0  % of the material 
containing carbon, hydrogen and nitrogen.
sample injector combustion
mixing
chamber pressure
sample chamber
reduction
detector
b ock
scrubbers
traps
Figure 3.5: Schematic o f CEC (SCP) 240-XA Analyser [12]
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3.2 Mass Spectrometry -  Residual Gas Analysis (RGA)
A residual gas analyser (RGA) is used to detennine the composition of residual gases in 
extremely high vacuum (XHV) at pressures less than 1 X 10'^ ® Pa (Figure 3.6). The 
accuracy of a thermal RGA is limited in three ways [13]:
(i) Both the hot filament, used as an election source for gas ionisation, and other parts 
heated by this filament thermally desorb various gases; these interact with the ions 
fi'om the residual gas being analysed.
(ii) The electrons and photons from the hot filament also result in electron- and photon- 
stimulated desorption of gases fi om vai ious parts of the analyser.
(iii) Finally, if soft X-rays are generated by the filament’s electrons, and they are 
incident on the gas ion detector, alteration to the actual results occurs.
GAS IN
Quadrupole Mass 
Spectrom eter
Faraday
detector
multiplier
detector
ioniser
metering valve
shut-off valve
rotary vane 
forepump
rotary vane 
backig pump
turbomoiecular
pump
RF
Quadrupole
Analyser
Figure 3.6: Schematic o f a RGA [14]
67
Chapter III Techniques
In order to overcome these problems, a quadrupole mass spectrometer (QMS) is used 
(Figure 3.7) [14]; the Quadrupole mass filter analyser comprises four metal poles that are 
aligned in a parallel diamond structure around the ion stream. By setting the DC and AC 
electrical potentials of the rods, it is possible to deviate m/z charged ions out of the ionic 
flow allowing the detection of known charge ratios at different times. It is also possible 
to use many combinations of voltages to allow for an array of different m/z ratio ions to 
be detected [12]. This reduces the thermal desorption of gases by an order of magnitude 
(with the exception of hydrogen), which enables a distinction between the desorbed gases 
and the intrinsic residual gas, and removal of the soft X-ray effect. One of the most 
notable observations that a QMS has shown is that the mass spectrometer only desorbs 
H2, other desorbed gases observed (H2O, CO and CO2) are emitted from the vacuum 
gauge.
flow of ions through 
quadrupole
Figure 3.7; Quadrupole mass filter analyser [14]
This comprises a cone or horn shaped tube that has a high voltage applied that is opposite 
in charge to that of the ions being passed into it; the ions are attracted to the centre of the 
conal surface and on contact secondary electrons are emitted that move further into the
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tube and emit further secondary electrons; this continues until the secondary electrons 
reach the narrowest part of the horn and are recorded (Figure 3.8).
ion entering electron multiplier
secondary electrons
Figure i. 8: Schematic o f a channeltron electron multiplier [14]
The three issues mentioned earlier have been overcome by shielding the detector from 
soft X-rays means their interactions are not recorded. The gases generated by the 
stimulated desorption contain higher kinetic energy (between 5 - 1 0  kV, depending on 
the species) than the residual gases, which contain thermal energy. This allows the two 
types of ions to be distinguished by using energy analysis; this is performed by using the 
electrostatic deflector such that it can scan the passing energy of the gas ions in the 
deflector. The problem related to the thermal desorption of gases is more significant; it 
has been solved by reducing the volume of desorbed gases and measuring the difference 
by placing a XHV chamber both upstream of the analyser and downstream (a titanium 
sublimation pump -  TSP) of the reactor and then measuring the difference the two [13]. 
The difference in pressure between the upstream chamber (Pu) and the downstream 
chamber (Pa) changes relative to the rate of the thermal desorption (Q) as seen in 
Equation 3.1 [13].
Equation 3.1Q = C(APu - APd) 
where C is the measured conductance (5.09 x 10^  m  ^s ') [13]
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3.3 Surface Area and Porosity Analysis
3.3.1 BET (Brunauer, Emmett, Teller) Analysis
Accessibility of the catalytic surface to reacting gases is of great importance since, in 
general, the greater the siu'face area available the better will be the conversion [15]. 
Activity is not directly proportional to surface area, but to the way in which active sites 
are distributed across the available surface area, such that the adsorbate gases can interact 
with each other if the active sites are well dispersed. Aggregation of active sites, and too 
finely dispersed ones, limit the extent of activity available. The BET (Brunauer, Emmett 
and Teller [16]) method of nitrogen adsorption on the surface is one of the most accurate 
and reliable methods of obtaining total surface areas for solids, where one nitrogen 
molecule covers 0.162 nm^ area in a monolayer at 77 K, and the BET method is based on 
Equation 3.2:
P 1  ^ (C-DP Equation 3.2
Va(Po-P) V^C V„Cp„
where Va is the number of moles of gas added per g of adsorbent at pressure p, Vm is the 
monolayer capacity of the surface (i.e. the number of moles of gas per g of adsorbent 
necessary to form a monomolecular layer), po is saturation gas pressure at the temperature 
used and C is a constant for adsoiption and is dependent on the chemical nature of the 
surface.
Plot of p /V a ( p o - p )  versus p /p o  gives a line of slope (C-l)A^mC and an intercept on the 
ordinate axis of 1/VmC, which enables calculation of Vm and this can be used to 
determine the specific surface area (Equation 3.3).
where a™ is the cross-sectional area of gas molecule and N is 6.023 X 10^ ,^
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This is an extension of the kinetic model proposed by Langmuir in 1918 [17] where 
Equation 3.4 enables calculation of the monolayer capacity
0  -  Equation 3.4
1+bp
If Vm is the monolayer capacity (i.e. when 0 = 1  there is a complete monolayer coverage), 
then V = Vm (volume); n = Um (moles); and x = x,„ (mass). Complete surface coverage 
implies the occupation of all surface sites i.e. 0  = n/Um so that
0  _ _Y_ _ J L  Equation 3.5
1+bp
In order to consider second, and consecutive, layers of adsorbed gases, the Langmuir 
model can be extended to assume that once a monolayer molecule has adsorbed to the 
surface, it can then act as a surface for a second molecule and so forth. Therefore, if So is 
the surface concentration (number of molecules adsorbed per cm^), and Si is the 
monolayer surface concentration, and S2, S3 ... S, is the surface covered by 2, 3 ... i 
layers at a steady equilibrium, for each layer (Equation 3.6a)
Equation 3.6aai ps = hi Si exp (-qi/RT)
where b is the constant of evaporation, and q, is the isoteric heat of adsorption. For the 
second layer:
Equation 3.6b-à2 ps = b2 S2 exp (qz/RT)
for the ith layer
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-ai Ps = bi Si exp (q/RT) Equation 3.6c
Therefore, the total surface coverage can be expressed as Equation 3.6d
s = / =  00
1=00
Equation 3.6d
Thus, the total extent of gas adsorbed is expressed as Equation 3.6e:
v= Equation 3.6eV°Y.si
1—00
Since each layer will possess its own values of a, b and q there are three basic 
assumptions required in order to determine BET surface areas:
• For all layers except for the first, the heat of adsorption is equal to the molar heat 
of condensation qi (i.e. q2 = q3 • • • qi = Ql)
• In all layers except the first, the evaporation-condensation conditions are identical 
(i.e. bz = ba = ... = hi and a 2 = a s ... = ai)
• When p = Po, the number of layers will be infinite such that the adsoiptive would 
condense to a bulk liquid on the surface of the solid (po = saturation vapour 
pressure)
This summation gives rise to the equation used for BET surface area determination 
(Equation 3,7), as a linear plot.
P 1 ( C - 1 ) p+ Equation 3.7Va( P„- P) V„,c V„,Cp„
where p /V a ( p o -p )  is plotted against p /p o  (the equilibrium relative pressure).
72
Chapter ill Techniques
The BET equation is only viable within a pressure range of 0.05 < p /p o  < 0.3, and in some 
cases of low surface area the viability is limited as p/po less than 0.1. The model assumes 
that all the adsorption sites on the surface are identical; in nature most surfaces are 
heterogeneous, which leads to a failure of the equation in the low pressure region. 
Another drawback of this equation is that it only considers the vertical interactions, 
ignoring possible horizontal ones interactions such as forces between adsorbate 
molecules of the same layer. There is also the assumption that all molecules in the first 
layer are equivalent.
The simplest way to represent data obtained fiom adsorption measurements is to use 
isotherms. Isotherms are graphs of volume of gas at STP (standard temperature and 
pressure) plotted against the equilibrium relative pressure (p /p o ) .  The shape of the 
isotherm generally fits into one of six classifications (Figure 3.9)
li
V
P/Po
Figure 3.9: Classification o f  Adsorption Isotherms [18]
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The first three isotherms behave in the same manner during both pressure increase and 
decrease. Type I is indicative of a microporous system with a relatively small external 
surface area. This isotherm approaches a limiting value as p/po approaches 1, the uptake 
is limited by the accessible pore volume rather than the internal surface area. This type is 
often observed with activated carbons, molecular sieve zeolites and certain porous oxides 
[18].
Type n  isotherm is also reversible and can be seen for both non-porous and macroporous 
systems [18]. It shows that the coverage is not restricted to the monolayer and proceeds 
to multi-layer coverage. The type IE isotheim does not exhibit the usual ‘knee’ in the 
isotherm, rather it is convex over the entire p /p o  range and is rarely observed; however it 
has been observed for the adsorption of N2 over polythene where there is significant 
adsorbate - adsorbent interaction [18]. The characteristic feature of Types IV and V 
isotherms is their hysteresis loops, where desorption occurs at a different rate to 
adsoiption. These are generally attributed to the process of capillary condensation that is 
displayed by mesoporous systems. Type IV is related to Type II, and Type V is 
commonly related to Type III (also a rare phenomenon) such that the interaction between 
the adsorbate and the adsorbent is weak [18]. The Type VI isotherm represents a 
multilayer stepwise adsorption upon a uniform non-porous surface, examples of Type VI 
include the adsoiption of Kr or Ar onto graphitised carbon black at liquid nitrogen 
temperature.
Although the pore structure contributes to the obsei*ved surface area, by the nature of its 
vital role in catalysis it must be considered as a separate factor. Poorly distributed pore 
sizes within a catalyst means that some of the active sites may be inaccessible to large 
reactant molecules and may restrict conversion to larger products or may impede 
diffusion of the reactants into the internal pore str ucture. The pore structure also affects 
the manner of the active sites and hence their dispersion across the surface. By definition 
porosity is the fraction of bulk volume that is occupied with a pore or void space. A 
cavity or channel that connects with the surface of a particle is known as an open pore, a
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void is the space orientations between particles. Pores vary in their size and shape with 
any solid and are classified according to their size [19].
Macropores, width >50 nm;
Mesopores, 2nm < width < 50 nm;
Micropores, width < 2nm.
Pore structure measurements can be deteimined by either mercuiy porosimetry or by the 
interpretation of the isotherms of gas adsorption - desorption. The hysteresis observed 
within the isotherms is a phenomenon associated with mesoporous stiuctures where the 
pore width ranges from a few nanometers to tens of nanometers. These various pores 
cause saturation to occur at a slower, steadier rate as the gas molecules “jostle” and locate 
sites for adsorption [20]. Desorption occurs at a much more uniform speed.
Consider a compound that is only a microporous surface and shows Type II isotherm. A 
compound that adsorbs - desorbs in a similar manner, but contains a mesoporous 
structure would show Type IV isotherm. This is further enhanced if the mesopores 
contain a smaller entrance than the internal pore. This can be viewed by the analogy to 
an inkpot, where molecules are forced in through the thin neck, but once inside there is a 
wider space containing adsorption sites.
N2 physisorption measurements were made using both Micromeritics ASAP 2010 and 
Gemini 2375 instruments. A sample (-0.2 g) was placed in a quartz burette and 
outgassed at 423 K and < 0.4 Pa for between 8  to 12 h in order to remove residual water 
vapour and volatile surface debris [21]. The burette was cooled and backfilled with He, 
and the outgassed weight of the sample was recorded. Following re-evacuation, the 
buiette was immersed in a liquid nitrogen bath (77 K) and allowed to equilibrate. N2 was 
admitted via a dosing chamber into the burette and the pressure recorded after 
equilibrium had been reached. The adsorption cycle was continued until a relative 
pressuie of 0.99 was achieved, after which the desorption cycle was initiated.
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Both the ASAP 2010 and the Gemini 2375 have eliminated the problems that arose 
during early surface area analysis. The balance and sample tubes are essentially the same 
volume, which eliminates free space errors. Since both tubes are cryogenically cooled (in 
the Gemini both tubes are located in the same bath), thermal gradients are cancelled. 
Also, non-ideal behaviour of the adsorbent will be the same in both the sample tube as 
that experienced in the reference tube. Since these sources of error have been corrected, 
it is possible to use N2 as the analysis gas, even for samples with surface areas as small as 
0.01 m^ g '\  The pressure ranges of 0 -  950 kPa has an accuracy and linearity of better 
than 0.5 %.
3.3.2 Dynamic Light Scattering (DLS)
Dynamic light scattering (DLS) is based on the distortions of light caused by the random 
movement of particles (the Brownian motion) [22]. The ease of this mobility for 
particles within a liquid medium determines the Stokes diameter, when the measured 
diameter is equivalent to the actual, physical diameter of a smooth, spherical paiticle. 
When light strikes particles in Brownian motion, a Doppler shift occurs, which changes 
the wavelength of the light. The magnitude of this shift is related to the particle size. By 
using a Fourier ti ansform, a plot of the frequency against intensity can be obtained. The 
breadth of the band at half height determines the particle size [23]. In a normal situation 
there is a range of particle sizes and these can then be determined by the Stokes-Einstein 
equation [23]; this determines the probable paiticle diameter distribution and is iterative - 
the more times the equation is calculated, the closer the experimental value will be to the 
actual value.
Light scattering techniques are straightforward and provide information concerning the 
structure of macromolecules and molecular assemblies as well as paiticle sizes [24]. 
Light scattering intensity can be monitored either in the microsecond (dynamic light 
scattering) or in the second time (static light scattering) the range domain. Fluctuations 
in the intensity of scattered light by a small volume of solution in the microsecond time 
range is related to the Brownian motion of solute. Averaging intensity over a time range
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interval leads to a loss of the information about the solute’s dynamic properties. Analysis 
of the catalysts was undertaken using a Horiba LB500 Dynamic Light Scatterer. Particles 
sizes were recorded between 3nm to 6  pm in order to determine the range of sizes present 
within one sample.
3.4 Infrared Analyses (FTIR)
Infrared spectroscopy is an important technique for identifying the presence of bonds and 
functional gi'oups in a molecule; each bond or group has unique absorbances in the 
infrared range (Figure 3.10) [25]. An IR instrument is based on passing infrared light 
through a sample and recording the energies that are not adsorbed.
wavelength “ n g îh ï detector
Figure 3.10: Basic concepts used in an infrared spectrometer
The basic design for any continuous wave infrared spectrometer (also known as 
dispersive or filter spectrometer) can be observed in Figure 3,11. Infrared radiation is 
passed through a monochromator which splits the energy such that only one wavelength 
is passed through the sample at a time. The angle of the monochromator is then altered to 
allow different wavelengths through. This is repeated for all wavelengths within the 
energy region being analysed.
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recorderphysical link
electronic linkbeamsplitter
monochromator
sample detector
slit
source
Figure 3.11: Schematic o f  a continuous wave spectrometer [25]
However, in the case of a Fourier Transform spectrometer, there are several noticeable 
differences (Figure 3.12). Instead of filtering the light through a slit and only permitting 
one wavelength at a time to penetrate the sample, energy is passed through at all 
frequencies simultaneously. The energy is split at right angles through a beam splitter 
towards both stationary and moving mirrors. The motion of the moving mirror alters the 
pathlength of the beam relative to the beam aimed at the static mirror. When the two 
beams recombine at the beam splitter the difference between the path lengths creates both 
constructive and destructive interference, which creates a two-domain interferogiam.
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computer
moving mirror
electronic iinks
beamsplitter
detectorsample
static mirror
interferometer
Figure 3.12: Schematic o f a Fourier transform spectrometer [26]
The detector is able to report the variation in energy against time for all the wavelengths 
simultaneously, using a superimposed laser beam as a reference. Using the Fourier 
Transform equation (Equation 3.8), it is possible to convert from a time domain (t) 
spectrum into a reciprocal frequency domain ( 1/t) spectrum.
Equation 3.8: 
Fourier transform equationA{r)-^X{k)Qxp{27t-^  )N
where A(r) is the frequency domain; X(k) = time domain; N = number of spectrum 
points; n = data function; k = integer ^  N
FTIR is considered to be superior to continuous wave infrared for many reasons 
including: (1) The significant reduction in time required for analysis; (2) all of the source 
energy gets to the sample, improving the signal-to-noise ratio; (3) resolution is limited by 
spectrometer design such that the larger the path difference of the moving mirror, the 
better the resolution. Even the cheapest FTIR far outperforms the continuous wave
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spectrometers and allows for multiple scans to be performed on the same sample further 
increasing the signal-to-noise ratio.
3,5 X-ray Analyses
3.5.1 X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectioscopy (XPS), also known as election spectroscopy for 
chemical analysis (ESCA) was run on two instruments [27]. The first was a VG Escalab 
210 instrument at Brunei University and the second was a VG Sigmaprobe at the 
University of Suiiey.
In both, samples were mounted onto a stainless steel holder using double-sided sticky 
tape. Once the samples were sealed into the main analysis chamber (via a fast entry air­
lock), and a pressure of < 1.3 X 10'  ^Pa had been achieved, the samples were irradiated 
with AI Ka X-rays (hv = 1486,6 eV). The monochromatic excitation source was 
generated using an accelerated voltage of 15 kV and a current of 20 mA. The energy of 
the photoelectrons emitted were analysed by an electrostatic analyser, and the number of 
photoelections by an electron multiplier tube (or multichannel detector), such as a micro- 
channel plate [28]. Various acquisition times were used to achieve resolved peaks for 
each sample.
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X-ray pho ton pho toelectron q  
/
/
nucleus
electron
Figure 3.13: How X-rays penetrate atoms in order to release photoelectrons from inner 
shells [27].
The X-rays eject electrons from the inner shell orbitals (Figure 3.13) and the kinetic 
energy of the electron is dependent on the energy of the X - radiation (AI Ka), and the 
binding energy. Since the electron binding energies are dependent on the chemical 
environment of the atoms, XPS can be used to identify the oxidation states of ligands 
attached to a specific atom, using Equation 3.9 [29]. The spectrometer work function 
(0 ), is dependent on the machine used.
Equation 3.9
En = h v -  Ekr - 0
where, Eg is the binding energy of the originating orbital (eV), hv is the x-ray photon 
energy (eV), Ek = kinetic energy of the emitted photoelectron (eV) and O = spectrometer 
work function (eV)
Sample charge corrections were made relative to the carbon Is peak (284.5 eV), and the 
peaks were compaied with established literature values [30]. XPS can not directly 
determine the structure of materials; however, combined with information such as the 
preparation method used and the probable elements present, it is possible to deduce the
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species present. For example, if copper oxide is prepared from copper (II) chloride, and 
XPS shows that Cu (II) ions are present, but no chlorine or chloride it is possible to 
deduce that Cu(II)0 is a probably present.
3.5.2 X-ray Powder Diffraction (XRD)
Analysis of crystal structure by X-rays was discovered in 1912 by Max von Laue [27, 31- 
32]. Laue proposed that if X-rays behaved as light rays then they could be diffracted by 
the appropriate space giating. If a crystal consisted of regular arrays of atom planes, 
spaced in the same order of magnitude as X-rays, ~0.1 nm, then the crystal would act as a 
fine thiee-dimensional grating for X-rays.
Bragg, in 1913, simplified the Laue procedure by considering that equally spaced atomic 
planes could also act as reflection gratings [2,33]. This led to the Bragg system, which 
consists of a monochromatic beam of X-rays focused on to a sample, the reflected X-rays 
are dependent on the crystal layer with which they hit and ‘bounce o ff. Considering a 
beam of X-rays with an incident angle 0, some will be reflected from the upper layer of 
atoms where the angle of incidence is the same as the angle of reflectance. However, 
some X-rays will be reflected by the second, and successive, layers in similar manner. In 
a general form this process can be described by Bragg’s law (Equation 3.10).
2ds,\n0 = nX Equation 3.10
where d is the distance between planes, 2 dsin0  is the path length difference, n is an 
integer and X is the wavelength.
This equation is the basis of the fundamental law of crystallography: for a given beam of 
X-rays, the reflected beams can only emerge at wavelengths where two beams reinforce 
one another to produce a spot [27]. It was obsei*ved that it was possible to analyse a 
finely giound stiucture of crystals by Debye and Scherrer [33]. A sample of finely 
divided crystals with random orientation, as opposed to a single crystal with a definite
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orientation, may be analysed. A powder diffractometer uses a counter device, such as a 
Geiger counter, in order to record the scattering intensity at angles of 20.
A diffractometer studies materials (both crystalline and non-crystalline) by measuring the 
way in which they diffract X-rays of known wavelengths. The system comprises of an 
X-ray source, a means of focusing the rays onto the sample, a counter/ detector, and a 
recording device. The counter is power driven at constant angle velocities through 
increasing values of 20 about the diffractometer axis. The output is then fed to a chart 
recorder/ computer at a constant speed with distance along the ordinate axis being 
proportional to the diffraction angle 20. The signal height is representative of the counts 
per second, which is proportional to the diffracted intensity of X-rays. Using aluminium 
powder as a standard to calibrate for the line broadening effects, it is possible to estimate 
the peak widths created by the instrument. From this, using Scherrer’s equation 
(Equation 3.12 [34]), it is possible to ascertain the mean dimension, ‘d’ of ciystallites 
within a powder. Initially, the compensation effects of line broadening can be overcome 
by using Equation 3.11.
p = (p^ 2_b2)i/2 Equation 3.11
where po is the obseiwed breadth of the peak, and b is the breadth of a line produced 
under similar geometrical conditions by a material with a crystalline size in excess of 1 0 0  
nm (i.e. aluminium powder). The value of (3 is then placed into Scherrer’s equation 
(Equation 3.12) [35]
p eak  of sam p le  
with d > 100 nm
sam ple  p eak  of 
'u n k n o w n 'd ' d '=  B
pcosO
Equation 3.12
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such that p is the angular width at high maximum intensity (full maximum, half width), 0  
is the angle at which p is being measured (in radians) and K is the crystallite shape factor, 
which for the general pui*pose of this research is taken as 0.893 [34].
Although it is possible for the technique to be quantitative since the diffraction peak 
intensities are proportional within a compound, this is difficult to ascertain accuiately due 
to the differences between compound absorption coefficients, even within the compound 
being determined and the standard matrix [36]. Crystallites that are greater than 100 nm 
have very fine, narrow peaks and those with less than 3 nm produce very diffuse, broad 
peaks that often become lost within the backgiound noise of the machine. Such that only 
samples containing crystallites with 3 < d < 50 nm may be used for line broadening 
calculations. Further, the Scherrer equation provides the mean diameter such that the 
final value is expressed as a volume average diameter.
The Seifert XRD 3003 holds the axis as horizontal and the counter moves in a vertical arc 
around the sample. The X-ray generator consists of a copper target operated at 40 kV 
and 30 mA, the X-ray beam is passed through a nickel filter to give Cu Ka radiation (X = 
0.1542 nm). The samples tested were calcined at temperatures between 373 K to 1373 K 
in different atmospheres before analysis. Samples were placed on holders and analysed 
in regions between either 15° ^  20 < 75° or 35° ^  20 < 135°. Analysis for line 
broadening effects was performed using aluminium powder (particle size > 1 0 0  nm 
AnalaR grade, supplied by BDH). The measured peak width observed at half-height of 
maximum intensity was used as the standard measurement for a comparable angle to all 
peaks in the same XRD traces. Peak positions were measured to ± 1%. The technique 
itself is limited by the samples crystallinity and crystallite size.
3.5.3 X-ray Fluorescence (XRF)
X-ray Fluorescence is a fast, precise, cheap instrumental method for the detection of 
elemental composition. Irradiation of atoms in a sample, using high-energy primary X- 
ray photons, will cause elections to be ejected fiom the atom’s inner orbitals in the form
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of photoelectrons. This creates unstable electron holes in orbitals close to the nucleus 
[27]. In order to establish a more stable state, electrons from outer orbitals fill the holes. 
These transitions may be accompanied by an energy emission in the form of a secondary 
X-ray photon - this phenomenon is fluorescence (Figure 3.14). Each electron orbital 
corresponds to a different energy level, therefore the energy of emitted fluorescent 
photons determines the different energies between the initial and final orbitals of the 
electron that fills the hole.
M shell
incident X-ray
n  R-   L shell n  R|--------fluorescent X-rayn__n n n
K shell -------
4
O electron 
Ovacancy
A B
Figure 3.14: Production o f X-ray Fluorescence within a molecule (A) shows emission 
o f an electron close to the nucleus (1 to 2); (B) shows that as it is replaced by an 
electron from an higher e n er^  shell (3), the energy released is displayed as 
fluorescence (4) [37-38]
XRF is sample dependent, such that standards need to be similar to the sample matrix 
[39]. It produces energy spectrums that ar e “fingerprints” of a sample, and the intensities 
of the peaks are roughly proportional to the concentrations of the constituent elements. 
There aie two methods of accurately determining and quantifying XRF [40] wavelength- 
and energy-dispersions. Wavelength dispersive, WXRF, uses a crystal to separate 
various wavelengths for all angles of incident radiation, and the only wavelength that is 
reflected to the detector is that which conforms to Bragg’s formula. Thus, by changing 
the angle of the crystal, it is possible to select specific elements of interest. WXRF is a 
non-desti’uctive analytical technique that is able to measure all elements fiom beryllium
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(atomic number = 4) to beyond uranium (atomic number = 92) at trace levels below parts 
per trillion [41]
The other form of XRF is energy-dispersive, EDXRF, which works by using ionisation 
radiation to excite the sample, followed by detection and measurement of the 
characteristic X-rays leaving the sample. An Oxford Instiuments XR300 Energy 
Dispersive System (based at Brunei) was used for this. It differs from WXRF because 
the EDXRF spectrometer electronics digitise the signal produced by X-rays entering the 
lithium drifted detector, and this information is sent to a computer for displaying and 
analysing. This makes EDXRF a much quicker process to use, with analysis taking only 
seconds. The results are as sensitive as with WXRF, but the elements with atomic 
numbers less than 11 (Na) produce X-rays that are not detected by this method of 
analysis.
3.6 Microscopy
3.6.1 Scanning Electron Microscopy - Energy Dispersive X- 
ray Analysis (SEM-EDX)
A scanning electron microscope is an electron microscope (SEM) that is designed 
primarily for high magnification imaging. When used in conjunction with energy 
dispersive X-ray analysis EDX, it can be used for semi-quantitative analysis [40]. 
Electron microscopes work by directing an electron stream at surface molecules or atoms 
(Figure 3.15). The angle and strength of the deflected electrons are detected and from 
this an image of the surface is established [38]. The surface must be conductive to 
remove the flow of electrons and prevent destruction of the sample, so non-conductive 
surfaces are coated with gold. Using energy-dispersive X-ray analysis (EDX) alongside 
the SEM allows the reflected X-rays to be measured, and areas of the surface can be 
semi-quantified according to the elements present.
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Figure 3J5: Schematic o f the SEM system, Hitachi SS299N [40]
The splutter coater used to coat non-conductive samples with a thin layer of gold requires 
a vacuum as gas molecules would get in the way of the Au and lead to uneven or no 
coating [39-44]. When SEM is run in conjunction with EDX, the Au particles can 
interfere with the elemental analysis, and this must be taken into consideration. Coating 
with carbon instead of gold is possible when the Au particles interfere with the elemental 
analysis (i.e. when sulphur is being studied) [45]. The Hitachi S3299N used for analysis 
of the catalysts, can magnify the samples up to 300 000 times, with a resolution up to 3.0 
nm under high vacuum and 5.0 nm when running in vaiiable pressure mode [46]. 
However, when using a magnification greater than 100 000 times, there is significant loss 
of focus and resolution.
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3.6.2 Coiifocal Laser Scanning Microscopy (CLSM)
Confocal laser scanning microscopy (CLSM), such as the Zeiss Confocal Laser Scanning 
Microscope, differs from other forms of microscopy as only the small area that is being 
analysed is illuminated and molecules that are out of focus are suppressed (Figure 3.16) 
[47]. This means a much gieater accuracy is afforded using this rastering method and a 
high degiee of depth profiling is possible. This allows a detailed three-dimensional 
image of the surface to be recorded.
objective lens
focal plane
sample aperture detector
Figure 3.16: Schematic o f the CLSM instrument [47]
It can be seen from Figure 3.16 that this technique uses a pin-prick hole placed just 
before the detector to filter out all in-focused light that has passed through the sample. 
The optical design is coupled with scanning optics in order to perform non-destructive 
sectioning of samples. This is achieved because, although both the reflected light and 
emitted fluorescent light are captured and directed at the photodetector, the inclusion of 
the confocal aperture (pin hole) before the detector (as in Fourier Transform 
spectroscopy) means that the reflected light is deflected and only the fluorescent light that
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is specific to the molecules is detected. This enables a much more accurate depth profile 
to be detemiined [43].
3.7 In-house Catalyst Testing Rig
In order to be able to undertake multi-gas experiments, a rig was required that was 
capable of introducing several different gases, at vai'ious flow rates, into a system; these 
gases were required to be mixed thoroughly before being passed over samples (inside a 
heating chamber) and finally passed to different detection systems [48]. Several designs 
were considered, and ultimately, the final design (Figure 3.17) was capable of reliably 
and reproducibly heating samples to 1173 K whilst under an atmosphere of up to four 
mixed flowing gases, and other injected gases. Detection was possible by two oxygen 
detectors, a carbon monoxide detector, DSC and RGA/ GC.
GC
He or N. Og detector
GSV
CO detectorfurnace!N,0 or CO/N,
DSCreactor
^  septum
(^directional adaptors 
H I  flow meter
thermocoupie
Figure 3.17: Design o f In-house Rig [49]
3.7.1 Temperature Control
A Pyrotherm Eurotherm 9 le furnace was used as a free-standing, upright instrument with 
a fan underneath, that was pre-programmed to increase temperature at known rates. It
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was possible to control the heating rate between room temperature and 1173 K at a rate of 
up to between 1 and 20 K min"\ The cooling rate was measured manually to be between 
18 - 25 K min"^  above 700 K, and around 10 K min'* between 423 and 700 K and neither 
were controllable by the furnace. There was a known and reproducible temperature delay 
of 20 K between the reading on the control panel and the actual temperature recorded in 
the sample, when 0.2 g of sample was analysed. The temperature within the sample was 
measured by an thermocouple type K, 219-4359 (RS). It had a stainless steel sheath and 
dimensions of 1 .0  mm diameter and 1 .0  m length; calibrations showed it to be accurate to 
± 1.0 K. It was placed approximately 0.5 cm after the catalyst such that the temperature 
changes caused by reactions of the catalyst (exo- or endotheims) could be measured as a 
comparison to the programmed temperature change.
3.7.2 Gas Control
Four gas lines were introduced into the system containing the gases required for each 
experiment. The gases could be changed as necessary, and it was determined that only 4 
h of the flowing gas at 2 0  cm min'^ were required before new analysis was possible. 
However, the gas changes were allowed to stabilise overnight (or longer) to ensure that 
no cross-contamination occurred. The gas lines used were PTFE in order to prevent 
permanent corrosion or poisoning, were capable of withstanding the required flow rates 
(> 300 cm  ^min'^), and could be replaced at regular intervals with minimal cost [50]. To 
further minimise contamination and corrosion, stainless steel valves (from South London 
Valve Co) were used as they are inert to SOx and N2O oxidation [51]. For CO reactions, 
the gas lines contained CO/N2 ( 6  %, BOC), O2/N2 (18 %, HOC), N2 (99.9 %, BOC) and 
H2 (99.9 %, BOC). For the N2O work the N2 line was replaced with He (99.9 %, BOC) 
and the CO/N2 with N2O (99.99 %, BOC).
The flow rates were controlled by main valves at the cylinders/ inlet valves, and by fine- 
tune controllers (after passing through purification systems to remove water, excess 
oxygen and other impurities) on the rig. On/off switches were placed after the controllers 
in order to keep regular, reliable, controllable flow streams between reactions.
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Once a controilable How rate ibr each had been estabhsired. The gases were then passed 
into a mixing chamber (250 cm^) with tlie more sensitive (lower percentage weight) gases 
being passed into the top to prevent then being trapped (Figure 3.18). Here complete 
■mixing of the gases was assumed. The rates of mixed gases were measured by flow 
meters placed both before and after the reactor; this made for easier location of 
blockages.
MnO or CO/Mo -  - .7^
Oj/K 
He or N,
gas mixing chamber •to reactor
Figure 3.18: Schematic o f the Gas Mixing Chamber
3.7.3 Reactor and Detectors
Requirements for the reactoT were tliat it was thermally stable up to  135ft K, could 
withstand sudden temperature diops, had access for the thermocouples, could fit into an 
upright furnace, and was capable of containing materials between 0.05 0.5 g in weight.
Several designs for the reactor were considered and the one shown m Figure 3.1ft was 
considered to be the ideal reactor for tliis system. It is capable of taking a wide range of 
catalyst volumes, held in place by silica wool. Silica wool was prefeired since it could be 
replaced after each experiment to prevent cross contamination. The whole reactor was 
built of quartz in order to be stable to tlie lai ge temperatiue range it would be exposed to 
repeatedly [52-53]. Intioduction of tlie tlieimocouples directly into die gas stieams was 
dismissed due to the corrosive conditions of SOx and N2O, and instead a closed hollow 
tube was designed to allow the thennocouple to sit just above tlie catalyst in order to get 
an accurate and consistent temperature value. The gas was passed dirough the system, 
such diat it would react with the catalyst before reaching die thermocouple. This allowed 
all températur e changes from catalysis to be recorded by the thermocouple.
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gas flow (E^
thermocouple
septum
/sam ple  
■glass wool
Figure 3.19: Schematic o f the Reactor
Several detectors were placed after the reactor, including DSC, RGA, CO analyser and 
two O2 analysers ftom Servomex. Although these were all calibrated for use, only the 
DSC and the RGA were ultimately used in sufficient detail to be further discussed in this 
thesis (Sections 3.1.4 and 3.2)
3.7.4 Final Specifications
After the rig was built, the final design is shown in Figure 3.20; up to four gases could be 
made to flow through simultaneously; septum points allowed others to be injected in 
known quantities (SO2). The total flow rate range was between 20 to 50 cm  ^m in'\ with 
individual rates between 5 to 200 cm  ^ min’E A temperature range from room 
temperature to 1300 K was possible; introduction of a liquid nitrogen bath allowed lower 
temperatures if required. Final detection was possible by several analysers, especially 
DSC and RGA. All the tubing was transparent and easily replaced in the event of 
contamination.
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SM  mixing cham ber
flow rate 
controller
flow m eter flow m eter
flow m eters
RGA
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otrtlet
thennocouple
fum ace
:D S C   niitlaf
Figure 3.20: Schematic o f the Final Microreactor Design 
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IV CO work
4.1 Introduction to Applied Context of Work
The original Servomex Tfx 1750 catalyst for an industrial CO sensor (Figure 4.1) was 
prepared by ball-milling alumina with yttria-stabilised-zirconia followed by the addition 
of H2PtCl6 and subsequent mixing [1]. This solution - based mixture was “wetted” onto 
the ceramic glass of the CO sensor disc by heating to 1373 K at 15 K min'% holding at 
this temperature for 15 min and then rapidly cooling at the same rate back to room 
temperature. The resultant black powder on the ceramic was then placed into the sensor 
system, e.g. Tfx 1750. Major problems with this preparation include poor bonding 
between the alumina and the zirconia and the need for high temperature wetting.
D1
D2
where D1 is the disc quaiter containing electrodes, but no catalyst; D2 is the disc quarter containing the 
catalyst and electrodes; and S is the sensor disc.
Figure 4.1: Servomex Carbon Monoxide Sensor Disc, Tfx 1750
The interaction between the two metal oxides, ZrO] and AI2O3, enables the system to take 
advantage of the individual metal oxides such as the affinity of Pt to Zr02, large surface 
areas were not seen. The high temperature treatment also led to other issues including the 
migration of Pt away fiom the surface and into the bulk of the support, such that although 
10 %wt Pt was added to the mixture, only about 1-2 % was still positioned appropriately 
on the surface for active catalysis. To overcome these issues the catalytic material was 
prepared using sol - gel methods. In this study it was expected that this would allow
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good bonding and a lower wetting temperature as well as enhancing the complementary 
properties between the metal oxides.
Two optimised catalysts (one from Servomex, and one sol -  gel, 10%Pt/ ZD A) as 
discussed in Chapter 2.3.1 [2] were compared with others in terms of their surface area, 
average pore size, particle diameter, Pt dispersion, metal oxide positioning, and activity. 
Many others were also compaied; discussion of these results is limited to comparison 
with the optimal preparations.
%  '
4.2 Solid State Analysis
Solid state analysis, XPS, XRF, XRD, TGA with RGA, were used to determine how 
calcination affected sample preparation. In TGA, samples (20 - 50 mg) of the Servomex 
and the sol - gel prepared (10%Pt/ ZD A) catalysts were heated between 293 and 673 K at 
both 10 K min'^ and 2 K min'^ in static air. Weight and temperature changes were 
recorded as the temperature was increased.
During the time - weight loss experiments, each sample (0.3 - 0.5 g) was taken to a set 
temperature (between 373 - 973 K) and held for a recorded length of time (30 - 90 min) 
under different atmospheres: N2 (200 cm  ^ miiT^), H2/N2 (20 cm  ^ min"*) and static air. 
Weight losses after the heating treatments were recorded. Fresh samples were used for 
each weight loss scenario. These samples were further analysed by XPS, XRF and SEM. 
For RGA analysis of gases evolved, samples (0.2 g) in flowing air (20 cm^ min"*) were 
heated to 623 K at 15 K min"*, held for 1 h and then cooled to room temperature (15 K 
min'*) in order to confirm the gases released during TGA runs. RGA was performed on 
log histogram mode, such that all masses between 1 < m/z < 72 were analysed; this 
ensured that all possible products released were detected.
RGA analysis was performed by heating a sample (-0.1 g) from room temperature to 423 
K (5 K min"*) under hydrogen ( 6  % H2/ N2, 40 cm  ^ min"*), followed by a temperature 
hold for 1 h to initiate reduction of the surface. After this, the gas flow was changed to
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Ar (40 cm^ min"*) to remove any residual Hg from the system; Hz both interferes with the 
reaction gases (CO and O2) and is also detrimental to the RGA detector. Analysis was 
undertaken by both DSC and RGA, which had been connected and set up to analyse the 
following masses: 40 (Ar), 28 (CO/ N2), 32 (O2), 16 (O) and 44 (CO2). The gas flows 
were then alternated between:
1 Ar, which was used to stabilise the system between active gases,
2  C O (6% inA r,43cm ^m in"),
3 Ar,
4 O2 (21 % inN 2, 41 cm^min')
5 Ar.
This sequence was repeated at least eight times, until a standard response peak size was 
observed for each gas (between 1 0 - 1 5  min). The area under both the CO and O2 peaks 
by DSC and RGA were measured, and compared to the standard EuroPt-1 [8 ]. For XRD, 
powder samples were analysed by XRD between 15° < 20 ^  75“ and 0.1° increments. 
This region incorporates the majority of Pt, ZrOz and AI2O3 peaks expected to be seen for 
these materials [11-13].
Samples of the Servomex Tfe 1750 catalyst and sol -  gel (10%Pt/ ZD A) catalyst were 
characterised by FTIR analysis by prepaiing nujol mol discs. The discs, which consisted 
of different thermally treated catalysts, were analysed in very slow flowing Nz (5 cm^ 
min'*) on a Nicolet 51 Op FTIR instrument in the wavenumber range 650 -  4000 cm * with 
32 scans collected [11]. ^^Al MAS-NMR analysis was undertaken on a Varian 
UNITYplus spectrometer at Durham University, run as part of the EPSRC Solid State 
NMR Service, for two types of Servomex and one of the sol - gel (10%Pt/ ZD A) 
catalysts. The samples were analysed to determine the presence and coordination of Al, 
using AICI3 as the chemical shift reference [17]. The two types of Servomex catalyst 
were the original catalyst that was known to fail during analysis (Seivomex Tfx 1750 
catalyst powder); the second was a catalytic powder that is 10% Pt/ 10% ZrOz-doped 
AI2O3 that was devised and prepared by the Company after results obtained from within 
this research, and their own in-house research.
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4.2.1 Thermogravimetric Analysis
100
Servomex
st
so l-g e l (10%PyZDA)
40
543 593 643293 343 393 493443
T[K]
Figure 4.2: TGA o f Servomex and sol - gel (1 OVoPt/ ZD A) samples in static air
It was observed by TGA (Figure 4.2) that there were four regions of weight loss during 
sample calcination, that have been assigned in Table 4.1:
Table 4.1: Regions o f  weight loss observed in Figure 4.2 during calcination o f the
Servomex and sol - gel (10%Pt/ ZD A) samples
Region number Onset Temperature [K] Explanation
Sei*vomex catalyst Sol - gel (10%Pt/ ZD A) catalyst
1 307 293 - solvent
2 373 403 -HCl
3 475 530 -CI2
4 576 555 -H 2O
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HaPtCle/ZDA (1) ^  H^PtCL/ZDA %  »  PtCL/ZDA -^ L ^ P tO g /Z D A  - i^ U -P tO /Z D A  
+ solvent
The first weight loss observed for the sol - gel (10%Pt/ZDA) catalyst sample lasted 
longer and was larger than for that obsei’ved for the Servomex catalyst powder; this was 
due to the preparation techniques. The Servomex catalyst method is a much drier process 
with less solvent present and this allows for a clear distinction between the first two 
phases. In contrast, the highly solvated sol - gel (10%Pt/ ZD A) catalyst sample had a 
greater weight loss arising from solvent release; this was observed over a wider 
temperature range as the highly porous gel would hinder loss of solvent as the molecules 
were trapped in the pore centres [3].
4.2.2 Thermal time and weight loss experiments
From the profiles prepared by noting the weight of the sample that remained after each 
sample had been thertnally tr'eated (Figure 4.3) it was possible to show that the optimal 
temperature for calcination was similar for both the Servomex and sol - gel(10%Pt/ ZD A) 
catalysts (Table 4.2). Calcination is the chemical and manufacturing process in which a 
material is heated, without melting, in order to drive off the material’s volatile 
components. The optimal temperature is that where the solvents and unwanted products 
from the preparation process have been removed, and the material left comprises of only 
the metal -  metal oxides desired (in this case 10% Pt on 10 % Zr0 2 -doped-Al2 0 3 ). It was 
observed that for the preparation of Pt on ZDA, a reducing atmosphere (H2/N2) provided 
an optimal temperature of 673 K. However, for the preparation of PtO/ ZDA using an 
oxidative atmosphere (O2/ N2), 623 K was observed to be the optimal temperature.
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Figure 4.3: Weight losses observed for the Servomex catalyst and sol - gel (10%Pt/
ZDA) catalyst during thermal treatment at different temperatures for 1 h under different 
atmospheres
102
Chapter IV CO Oxidation
(A)
100
Sol-gel Catalyst 
Servomex Catalyst
30 min 90 min
(B)
100
&
Sol-gel Catalyst 
Servomex Catalyst
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Figure 4.4: Mass remaining after 30, 60 and 90 min treatment at (A) 423 K and (B)
523 K in static air fo r the Servomex and sol - gel (10%Pt/ ZDA) catalysts
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Table 4.2: Table to show the optimal temperature o f calcination under different
atmospheres for sol -gel catalyst
Gas Optimal Calcination temperature [K]
N] 773
H2/N2 673 (for Pt/ZDA)
static air (O2/ N2) 623 (for PtO/ZDA)
It is important to note that these temperatures are much lower than the temperature used 
for the wetting method of preparing the Servomex Tfx 1750 disc (1373 K). By knowing 
the optimal temperatures, it is possible to reduce the temperature required for wetting the 
catalyst onto the sensor disc; especially since it is possible to utilise the available active 
alkoxy/ hydi oxy ligands attached to the metal network surface of the sol - gel material. It 
is important to note that although the harsh 1373 K is not required, the materials must be 
treated to at least 50 K above the operating temperature (823 K) prior to use (e.g. 873 K).
During the wetting process used by Servomex, the samples are ramped up to 1373 K and 
held for 15 min prior to cooling. By comparing the percentage of weight loss after 
holding the catalysts at a set temperature for different periods of time, it was observed 
that 60 min was the most preferable. Between 60 and 90 min, weight gain was observed, 
this was assumed to be due to oxidation of the surface after the solvent had been 
removed. It is important to note that the original wetting process takes around 200 min to 
heat and cool the Servomex catalyst to the disc (Table 4.3); whereas, by preparing the 
catalytic disc by heating to 873 K and holding for an hour takes only 127 min.
Table 4.3: Different times taken for catalyst to be wet onto a Servomex 1750 disc
Heating
Holding
Cooling
TOTAL
Original wetting process 
298- 1373 K, 15 Kmin* 7 2 min
15 min
1373 - 298 K, 10 K min  ^ 108 min 
194 min
Improved wetting process
298 - 873 K, 15 K min^ 38 min
60 min
873 - 298 K, 20 K min * 29 min 
127 min
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4.2.3 RGA analysis of gases released
100  Hydrogen
-Water
Chlorine
—  HCl
—  Oxygen
0.1
1 0.01
0.001
0.0001
523 723 923323 423 623 823
Temperature [K]
Figure 4.5: Profile o f  the gases released with thermal treatment between 293 - 1123 K  for
Servomex catalyst - only the gases where there was a change o f mass are shown
100 —  Hydrogen 
Chlorine 
HCl 
 Oxygen1 0 ------
I
q: 0.01
0.001
0.0001
323 523 623 723 823 923423
Temperature [K]
Figure 4.6: Profile o f  the gases released with thermal treatment between 303 -1173 K
for sol -gel (10%Pt/ZDA) catalyst
* only the gases where there was a change of mass are shown; relative pressure = pressure for specific m/z 
divided by the sum of all pressures
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Smaller amounts of products were released with the Servomex catalyst than the sol - gel 
(10%Pt/ZDA) catalyst (Figures 4.5 and 4.6) in their first treatment in flowing air. Both 
sample released chlorine as HCl and CI2 (presumably from H2PtCl6) but not during repeat 
thermal treatments. These results compliment observations from TGA analysis (Section
4.2.1) and suggest the same decomposition steps (Figure 4.2).
Table 4.4: The onset temperatures o f  the different stages o f  calcination fo r  Servomex
Tfx 1750 and sol - gel prepared Pt /  ZDA samples, as observed by RGA.
Region number Onset Temperature [K] Explanation
Servomex
catalyst
2nd Servomex 
catalyst
Sol - gel 
(10%Pt/ZDA) 
catalyst
1 423 293 - solvent
2 423 373 -HCl
3 623 603 -CI2
4 - H2O
4.2.4 Total Surface Area Determination by N2  Physisorption
Pre-calcined samples (0.2 g) in static air (to various temperatures between 673 to 1173 K) 
were outgassed at 393 K for 6-8 h prior to nitrogen BET analysis (discussed in Section
3.3.1) from the results obtained it was possible to compare total surface areas and average 
pore sizes (Tables 4.5-4,7).
Table 4.5: N2 BET derived total surface areas fo r  Servomex, sol - gel catalysts and
supports
Surface area observed [m  ^g‘‘] at Temperature [K]
473 523 623 723 823 873 973 1073 1173
Servomex 5.93 2.42 1.49 1.79
Sol-gel(10% Pt/ZDA) 6.37 15.03 66.30 146.8 10.0
Sol - gel(10% ZDA) 256.9 253.3 41.8 2.03 1.58
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Table 4.6: Profiles o f average pore size as temperature is increased for Servomex,
sol - gel and sol - gel supports, by N2 BET.
Average pore observed [nm] at Temperature [K1
473 523 623 723 823 873 973 1073 1173
Servomex 3.33 5.55 7.42 7.83
Sol - gel (10%Pt/ ZDA) 3.22 1.40 1.36 1.34 10.00
Sol - gel(10% ZDA) 1.24 1.27 1.53 1.57 11.00
Table 4.7: N2 BET defined surface area and average pore size fo r  similar samples,
including Servomex Tfx 1750 and sol - gel (10%Pt/ZDA).
Sample Surface area [m"^ g'‘] Average pore size [nm]
10%Pt/Al2O3 (423 K) 377 15
10%Pt/5%ZDA (423 K) 262 16
10%Pt/5%ZDA (723 K) 306 1 0
Pt/SiOz (Aldrich) 90.8 57
Pt/AbOs (Aldrich) 93.2 57
ZDA (Aldrich, ball milled) 90.8 18
Servomex catalyst (723 K) 2.42 5.55
Sol - gel (10%Pt/ZDA, 873 K | 147 1.34
Sol - gel support (873 K) 253 1.27
Nitrogen BET analysis shows that sol - gel produced powers that possess greater surface 
area and pore sizes than the impregnated Seivomex catalyst. This indicates that sol - gel 
(10%Pt/ZDA) catalysts withstand gieater thermal treatment; larger pore sizes indicate a 
superior catalytic properties. The surface areas of the catalysts decreased at particular 
temperatures as sintering or structural changes occurred. This was observed to be at:
• 823 K for the Servomex Tfx 1750 catalyst,
• 973 K for the sol - gel (10%Pt/ ZDA) catalyst,
• 1073 K for the sol - gel support.
It was interesting that there was a 200 K difference between the temperature at which the 
sol - gel support and the catalyst materials were sintered.
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4.2.5 Active Surface Area Determinations
It is possible to determine the extent of CO and 0% physisorption by calculating the
volume of a particular gas adsorbed during pulse chemisorption. For comparison, the
catalytic materials (Seivomex and sol - gel (10%Pt/ ZDA) catalysts), the supports Z1O2, 
AI2O3 and 1 0  % ZxOi! AI2O3; and a standard (EuroPt-1 *) were analysed and compared. 
These experiments were based on previous research where Langmuir [5] showed that 
both CO and O2 titrations occur both above and below 293 K on unsupported Pt. In a 
reversible manner, it is observed that less than 50 % conversion of O2 at 193 K occurs 
and that this occurred at a very slow rate. The temperature and conditions were chosen 
for this research on observations by Luengo et al [6,7] to enable both CO and O2 titration 
on the surface of Pt supported materials at 423 K.
Table 4,8: Chemisorption data by (A) RGA and (B) DSC.
(A) Sample
CO O2
peak area 
[atm s]
mass
[mg]
RAA
*
peak area 
[atm s]
mass
[mg] RAA
Servomex Tfx 1750 2.23x10'^ 32.8 15 8.85 X 10 * 32.8 48
Sol-gel (10%Pt/ZDA) 1.37x10'^ 84.2 26 5.52x10* 84.2 56
Z1O2 3.70 X 10 * 48.3 17 1.60x10* 48.3 32
AI2O3 2.44 X 10 * 71.2 7 3.14x10* 71.2 2 1
ZDA 2.53 X 10'* 51.2 11 1.57x10'^ 51.2 45
(B) Sample
CO O2
peak area 
[mW s]
mass
[mg]
RAA
A
peak area 
[mW s]
mass
[mg]
RAA
*
Servomex Tfx 1750 35104 52.1 35 35844 52.1 27
Sol-gel (10%Pt/ZDA) 67867 84.2 53 104593 84.2 63
ZrOz 30628 66.5 43 44581 66.5 34
AI2O3 24441 80.9 6 57463 80.9 29
ZDA 62796 95.5 40 118186 95.5 49
RAA = Relative active area to EuroPt-1 = 100%
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The Teiative active areas were determined by measiirmg the area under tire Pi-trme 
profiles. By noimalising the values to 1 g it was possible to relate the values obtained to 
EuroPt-1; it is then possible to compare the amounts of CO and O2 that reacted on the 
surfaces of tire support allowing for "die discovery of how effective hie addition of 
platinum was.
Table 4.6: Comparison o f the different catalyst m d  supports ipith respect to the
number o f active sites as determined by DCS and RGA
Sample
relative number of active sites
CO 02
RGA DSC RGA DSC
EuioPt-1 ÎQO Î00 100 100
Sei vomex Tfx 1750 J5 48 35 11
Sol - gel (10%Pt/ZDA) 26 56 53 63
ZrO j 17 32 43 34
AJ2O3 7 21 6 29
ZDA 11 45 40 49
The differences observed from the data obtained for DSC aoid RGA (Table 4.6), arise 
from:
® Tlic RGA relying solely 011 the peak of CO2 evolution during the different gas
flows since N2 (in the O2 / N2 how) and CO both have masses of 28 and the CO2 
baseline varies significantly at the level of If r"  atmospheres.
« No homogeneous gas phase, CO + Vz O2, reactions oocui's {373 K was selected to
be too low for the homogeneous reaction to occur.
• The enthalpy of bonding between the Pt surface and tlie gas is dependent on the
form of Pt surface such that if die gas (CO or O2) îsboimd to aPt® site, die energy 
for release will be different to that o f the released energy required for desorption 
from a Pt^  ^site.
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Taking all these points into consideration, it is possible to determine the following order 
for the number of active sites available for each material:
EuroPt-1 > Sol - gel (10%Pt/ZDA) catalyst > Servomex Tfx 1750 catalyst
> Zr02 ^ ZDA > AI2 O3
From the results it is possible to show that the relative active areas are related to the 
amount of Pt that is present on the surface [9-10]. The sol - gel (10%Pt/ZDA) catalyst 
has more available Pt on the surface than the Servomex Tfx 1750 catalyst. It was 
observed that ZrO] reacted with more CO and O2 than AI2O3; and that Zr0 2 -doped-AI2O3 
showed intermediate activity; however, none of the supports were as active as the active 
metal containing materials. The sol - gel prepared catalysts showed greater activity than 
samples prepared by impregnation suggesting that this methodology leads to superior 
materials for use in CO detection systems.
4.2.6 XRD and XRD LB
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Figure 4.7 XRD profile o f  Servomex Tfx 1750 catalyst pre-calcined to 823 K in air 
between 15°<20 <75^
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Figure 4.8: XRD profile o f  Sol - gel (10%Pt/ZDA) catalyst pre-calcined to 823 K in air 
between 15° ^ 2 0  ^ 7 5 °
The XRD profile of Servomex Tfx 1750 catalyst treated to 823 K in air (Figure 4.7) 
showed a highly crystalline solid. The peaks observed corresponded to a-A^Os and 
ZrO], but no Pt peaks were observed for three reasons:
• Pt was not present in sufficient quantities to be detectable by XRD.
• Pt and PtO peaks often overlap with AI2O3 peaks in XRD profiles.
• Most of the Pt in the sample could be present within the bulk of the material.
I l l
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Figure 4.9: XRD spectrum o f sol - gel (10% Pt/ ZDA) catalyst.
The so! - gel (10%Pt/ ZDA) catalyst XRD spectra (Figure 4.9) showed that the solid 
contained a highly amorphous structure that was not suitable for study by XRD. A 
sample of the Servomex catalyst that had been exposed to a high sulphurous environment 
for a period of two years was analysed by XRD. The profile obtained showed no peaks at 
all. This suggested that the consistent thermal treatment (823 K) in a harsh atmosphere 
(high CO, CO2 and SOx concentrations) to which this material had been exposed, in a 
power station flue gas, had caused the previous crystalline material to collapse. The 
highly amorphous structure of the sol - gel (10%Pt/ ZDA) catalyst prevented the line 
broadening to be calculated (Section 3.5.4). Instead, particle sizing was approximately 
determined by SEM-EDX (Section 4.2.9),
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4.2.7 X ray pliotoelectron spectroscopy (XPS).
Both the Servomex Tfx 1750 and sol - gel (10%Pt/ ZD A) catalysts were investigated by 
XPS between 0 to 1200 eV and also between the following specific regions [14-15]:
C Is (375-300 eV),
O Is (525-550 eV),
Zr3d’ (181 eV),
Pt 4 f  and Ft 4 f  (70-80 eV), 
A! 2p’ (70-80 eV), and 
C12p^ (190-215 eV).
As expected, at low temperatures the XPS spectrum of both the Servomex catalyst and 
sol - gel (10%Pt/ ZDA) contained Pt and Cl peaks (Figure 4.10). As the temperatures 
were increased, the intensity of the Pt and Cl peaks decreased (Figure 4.11); these losses 
were dependent upon the atmosphere under which the samples were heated. When the 
Servomex catalyst samples were heated to 873 K in air no Cl peaks or Pt peaks were 
observed. However, at the lower temperature of 473 K, the reduced samples (treated 
under H2/ N2) showed no evidence of Cl, yet a significant Pt peak was still present. This 
demonstiated that in reducing conditions the platinum was able to lose the chloride 
ligands and still be present across the catalyst. In contrast, heating the oxidised sample to 
873 K, 50 K above operating temperature, demonstrated that the platinum had migrated 
away from the surface.
It is important to note that the XPS profile of Servomex catalyst heated to 673 K in air 
was observed to contain relatively less Pt compared with the Cl. This gives rise to two 
significant conclusions: (1) heating the Servomex Tfx 1750 catalyst in air does not result 
in the breakdown of platinic acid to platinum bound to the surface; instead the platinic 
acid breaks down but the platinum is not bound to the surface stiongly enough to prevent 
migiation; (2) the significant loss of platinum observed does not explain the activity 
exhibited by the sample in the sensor disc.
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Figure 4.10: XPS Profiles o f  (A) Servomex Xendos Tfx 1750 Sensor and (B) sol - gel 
prepared catalyst (lO%Pt/ ZDA) between 0 -1200 eV
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In contrast the XPS of the sol - gel (10%Pt/ ZDA) catalyst sample showed that pre- 
treatment in air at 873 K gave rise to a similar profile to that observed by Servomex 
catalyst when reduced at 473 K. This indicates that the Pt in the sol - gel preparation is 
more strongly bound to the surface, and therefore is more stable to thermal oxidative 
treatment. The loss of both Pt and Cl signals between 673 K and 873 K in air for the 
Servomex Tfx 1750 may be attributed to the oxidation of the platinic acid to PtO, 
followed by migration away from the surface; this is feasible since the melting point of 
PtO (823 K) may explain the loss of signals by oxidative treatment at 873 K [17].
CL 10
473 K (air) 673 K (air) 873 K (air)
Calcination Temperature [K]
473 K (H2/N2)
Figure 4.11: Reduction o f the Pt and Cl signal relative to the AI XPS signal in 
Servomex Tfx 1750
4.2.8 X-ray Fluorescence Spectroscopy
XRF was undertaken on the catalyst (and support) samples preheated to 673 K in air for 
60 min to detect the metals expected to be present, although it was not possible to study 
for Cl by XRF. Qualitative observations (Table 4.10) showed the presence of the 
expected metals, as well as some other species.
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Table 4.10: Metals observed by XRF analysis
Compound ElementsAl Zr Pt Y Hf Fe Rh
Servomex Tfx y y y y y y
Sol - gel 10%Pt/ 
ZDA y y y y
Sol - gel ZDA y y
The results showed that apart from the main metallic constituents of the materials (Al, Zr 
and Pt), Y was also obseiwed, present as the Z1O2 stabiliser (Section 1.1.4). No Hf was 
detected; this is strange as Hf is expected to be present as 1.3 - 2.5 % of the stabilised 
ZrÛ2. Interestingly, traces of Rh were observed: this is as an impurity of Pt. Fe was 
detected and is due to the disc to which the Servomex catalyst was stuck. The Fe peak 
could also be an aitefact of the XRF analysis; however, since it was only observed for the 
Servomex catalyst, it is more likely to be present in the sample.
4.2.9 Scanning Electron Microscopy 
Determination by X-ray (SEM-EDX)
Elemental
Samples were analysed by SEM-EDX to confirm the elements present, to detemiine the 
size of the particles present and to study the dispersion of the components of the powders 
[3]. The samples to be analysed were stuck to the SEM support discs with double sided 
sticky tape, and splatter coated with gold to reduce reflectance effects, as carbon coating 
was not available. The samples were then investigated over a number of regions by both 
microscopy and EDX.
Table 4.11 shows that the pretreated samples had no detectable Cl above 473 K, and no 
Pt above 673 K. The differences between the maximum temperatures that Pt and Cl were 
observed in XPS and EDX is due to the lack of sensitivity within the EDX system. This
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lack of sensitivity is due to the gold coating, which masks the surface; if it were available, 
then caibon coating would have prevented this anomaly.
Table 4.11: Table showing the presence o f Pt and Cl by SEM and EDX in sol - gel
(10%Pt/ ZDA) at various calcination temperatures
T[K] inN i in air Pt particles 
[SEM]
Pt peak 
[EDX]
Cl peak 
[EDX]
423 y y y y y
673 y y y y
698 y y
713 y
748 y
823 y
973 y
The Servomex Tfx 1750 catalyst was observed to have distinct AI2O3- and ZrC>2-rich 
particles, whereas, the sol - gel powder had better homogeneity. Micrographs of the 
Servomex catalysts gave poor homogeneity with definite particles that were either ZrÛ2 
or AI2O3, so that average particle sizing was not accessible. The AbOs-rich particles 
were observed to be sharp-edged and well defined. In contrast, the mainly Z1O2 particles 
were less structured and had a softer, less - defined edge.
In contrast, the sol - gel (10%Pt/ ZDA) catalyst had much better homogeneity with the Al 
and Zr. The paiticles investigated comprised of a better mix of Al, Zr and Pt, which is 
preferable as this will aid thermal stability and improve both pore size and surface area. 
Zr0 2  particles have lower surface ar eas than AI2O3. Therefore, if the two metal oxides 
are intermolecularly mixed, then the pore size is expected to be somewhere between the 
two individual metal oxides. Literature suggests that the best percentage for this is 
between 5-15% Zr0 2  [2].
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4,2.10 Fourier Transform Infrared Spectroscopy
Samples of the Servomex T& 1750 catalyst and sol - gel (10%Pt/ ZDA) catalyst were 
prepared for FTIR analysis by preparing nujol mol discs. The discs, which consisted of
different thermally treated catalysts, were analysed on a Nicolet 51 Op FTIR instrument
between 650 - 4000 cm'^ with 32 scans collected [11].
There were three regions of interest in the FTIR profiles (Figure 4.12):
(i) below 1000 cm"%
(ii) between 1500 - 1700 cm"*, and
(iii) between 3200 - 3800 cm '\
The region between 2200 - 2400 cm"* has bands originating from the atmospheric gases 
(especially v(C-O) in CO2) and was ignored.
The first of these regions (below 1000 cm"*) contains a vast number of stretching bands 
that relate to the organic ligands, and v(M-O). It was difficult to identify bands 
individually in this area due to considerable overlapping. However, it was observed that 
the number of bands decreases with increasing pre-treatment temperature; this shows that 
the number of different bond types decreases implying that the ligand bonds are replaced 
by M-0.
The second region of interest, between 1500 - 1700 cm'*, contains the v(H-Cl) band. 
This band is observed to decrease, and eventually disappear, with increasing temperature; 
this is significant as it shows the loss of chlorine as the temperature is raised. The final 
region, 3200 - 3800 cm'*, contains v(H-OH) and v(M-OH). This area is also affected by 
atmospheric water, and this is observed by the curve to the baseline in this region. The 
intensities of the bands in this area are reduced as the samples undergo calcination to the 
desired mixed metal oxide product; this is due to the loss of the hydroxyl and alkoxyl 
groups.
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Figure 4,12: FTIR Profiles o f (A) Servomex Xendos Tfx 1750 Sensor disc powder nm) (15)
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Î
sol ~ gel prepared catalyst (10%Pi/ ZDA) between 750 - 3500 cm
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Table 4.12: FTIR observations for Servomex Tfx 1750 during thermal treatment
Region [cm*'] Implication Observation as temperature changes
< 1000 organic ligands bands decrease in intensity and number as T 
increases
1500-1700 v(H-Cl) bands vanish as T increases
3200-3800 HzOstr and M-OHstr bands decrease as T increases
4.2.11 Solid state nuclear magnetic resonance spectroscopy
100  Sol - gel
 old Servomex
 new Servomex
70 —
§  50 -
40
35050 150 250 450-350 -250 -150 -50-450
S [ppm, standardised to AICI3]
Figure 4.13: Profiles of^^Al MAS-NMR for samples (A) Original Servomex catalyst, (B) New, 
currently used Servomex catalyst and (C) Sol - gel (10%Pt/ ZDA) catalyst
MAS NMR of Servomex Tfx 1750 and sol - gel (10%Pt/ ZDA) was used to determine 
the coordination of Al, using IM AICI3 as the chemical shift reference [17]. Two 
Servomex catalysts (old and new) were used. MAS NMR analysis of all samples clearly
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show (Figure 4.13) better interaction between the new Servomex catalyst than the 
original Tfx 1750. Further that:
1. The original Servomex catalyst gave rise to small side bands between -500 to 500 
Ô at: 154, -127, 297, -270, 438 and -411 5 that are attributable to five-coordinated 
aluminium.
2. The sol - gel (10%Pt/ ZDA) catalyst showed more intense peaks in both the 4- 
and 5-coordinated aluminium positions than the original Servomex catalyst. The 
tetrahedral peak appeal's as a double hump at 27 and 318.
3. The New Servomex catalyst (that had been produced after the early research made 
during this study) has a significant single peak for tetrahedral aluminium at 57 8. 
The five-coordinated Al peak was more noticeable as side bands located at 136, - 
125, 289, -263, 429 and -401 8; than for either the original Servomex Tlx 1750 
catalyst or the sol - gel (10%Pt/ ZDA) material.
Pure alumina contains only octahedral aluminium, therefore the greater the intensities of 
the four and five coordinate peaks, the larger the deviation from the pure product. This 
suggests that the almost pure alumina present in the original Servomex catalyst has less 
interaction and intermolecular bonding with the other components of the catalysts, 
especially Zr and O. Both sol - gel (10%Pt/ ZDA) and the new Servomex catalysts 
showed much greater interaction between their constituents.
4.3 Catalytic Testing
4.3.1 Temperature Programmed Reactions
The samples were pre-heated in air prior to analysis in order to remove any unwanted 
surface debris (e.g. solvents): Servomex Tfx 1750 to 1373 K, and sol - gel prepared 
(10%Pt/ ZDA) samples to 973 K. Each sample was then treated to the following 
temperature programme experiments, using a Micromeritics TPD/ TPR 2900 instrument:
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1 • under N2 (20 cm min' ), temperature raised from 298 to 973 K (5 K min'^);
• temperature held for 20 min;
• temperature reduced to 323 K (5 K min'^);
2 • gas changed to H2 (6% in N2, 20 cm  ^min"^), temperature raised ftom 298 to 973
K (5K m in '');
• temperature held for 20 min;
• temperature reduced to 323 K (5 K min'^);
3 • gas changed to O2 (21% in N2, 20 cm  ^ min"'), temperature raised from 298 to
973 K (5 K m in ');
• temperature held for 20 min;
• temperature reduced to 323 K (5 K min ');
These reactions were also repeated using a blank reactor and a fresh catalytic sample for 
each gas. However, there was no detectable change in the concentration of gases 
throughout the experiments. This indicated that:
(i) a stable surface (towards oxidative and reductive conditions) had been stabilised 
during the pre-treatments,
(ii) the levels of H2 and O2 involved were too small to detect, or
(iii) the Pt levels were too low for detection.
Despite increasing the sample sizes and varying the gas flow rates, no variance in energy 
was observed. Therefore, pulse chemisorption reactions were undertaken as a way to 
determine the relative Pt (or active sites) present on the surface of the samples.
4.3.2 CO pulse work
Isothermal CO pulse-chemisorption was studied imder N2 using RGA. Alternating pulses 
of CO (5 cm^, 6% in N2) and O2 (5 cm^, 21% in N2) were injected at regular time 
intervals (5 min) over the pre-reduced sample (50 - 100 mg). The pre-reduction 
temperatures were between 423 and 973 K for 1 h. The temperature (840 K) was chosen 
as this is the operating temperature of the system.
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Figure 4.14: RGA CO, O2 and CO2 analysis during CO and O2 pulsing for Servomex 
Tfcl750 at 840 K
From the profiles Figure 4.14 for example it could be observed that desorption of the CO 
occurs rapidly, and that there is no gradual increase in peak sizes observed as the surface 
adsorbs the gas. Importantly, it could be seen that:
(i) CO2 production is only observed in CO pulsing
(ii) comparison of average peak areas showed that they increased in the following
order (Section 4.2.5 for further explanation):
Servomex Tfx 1750 < sol - gel prepared (10%Pt/ ZDA) < EuroPt-1
In order to attempt adsorption of CO to the surface, temperatures below room
temperature was used (143 and 213 K). However, at 143 K no peaks were observed and
this was assumed to be due to solidification of water in the system. At 213 K, peaks were 
observed that had apparent run-off areas. However, these were not reproducible.
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4.3.3 SOx pulse work
The extent of SO2 poisoning was determined by reducing a sample (0.1 g) at 423 K (6 % 
H2/N2, 40 cm^min'') for 1 h. The gas flow was changed to Ar (40 cm^min’ )^ to remove 
residual H2 from the system. The sample was then subjected to the following gas 
changes:
1 CO (6 % in He, 43 cm^min *),
2 Ar,
3 O2 (21% in N2, 41 cm^min*),
4 Ar,
5 SO2 (0.5 cm^) injected.
This process was repeated several times in order to establish changes in the CO and O2 
flows after the initial, and subsequent, SO2 injections. By comparing the areas under the 
SO2 peak, using DSC, it was possible to relate the different samples to a standard 
(EuroPt-1).
Table 4.13: Relative active surface areas fo r various catalysts towards SOx, as
determined by DSC
Sample Peak Area by DSC 
[ W s g ‘]
Mass of sample
[mg]
RAA* 
[EuroPt-1 = 100%]
Servomex 250721 52.1 19
Sol-gel(10%Pt/ZDA) 122186 54.2 14
Zr0 2 3586363 76.8 29
AI2O3 253787 80.9 17
ZDA 168700 95.5 9
* RAA = Relative Active Area
From the data (Table 4.13) it was possible to compose an order of interaction to SO2 for 
the samples tested:
EuroPt-1 > Zr02 > Servomex catalyst > A I 2 O 3  > Sol - gel (10%Pt/ ZDA) catalyst > ZDA
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Sulphur oxides compete with the CO and O2 for the active sites on the surface. They 
have veiy strong binding properties relative to other gases and desorption is harder to 
achieve, especially when the active sites have variable coordination and oxidation 
numbers as found with transition metals. Sulphur also has a larger radius (1.84 Â) 
compared with oxygen (1.32 Â) and carbon (0.16 Â) [16], especially when bound to two 
oxygen atoms; if several active sites are in close proximity it can sterically hinder attack 
at adjacent sites as well. This explains why the Servomex catalyst is strongly affected 
during this experiment. In a “real - time” situation, both the Sei*vomex catalyst and sol - 
gel (10%Pt/ZDA) catalyst catalysts degenerate if placed directly in SOx - containing 
streams. Hence it is necessary to either divert the CO from a flue stream, or to place a 
blockade prior to the CO detector.
4.4Servomex Disc
The Xendos 2000 is already in use at coal fired power stations around the world and 
contains the catalytic material described (prepared by an impregnation method). 
However, some of the catalysts in place have failed within the two-year guarantee period. 
Therefore, this section of the research is involved with the analysis of the catalytic 
material contained within the detectors of both freshly prepared discs, and those that had 
failed. Detectors are considered to have failed if they no longer perform reliably within 
1% of the following expected operating requirements [1]:
1. Sensitivity = 0 - 10000ppm(v)
2. Response time = 20 s (at 300 cm^ min'*)
3. Accuracy = ±25 ppm (v)
4. Drift = ±10 ppm (v) per month
The failed discs had either under-performed at genuine coal fired power stations or had 
been designed to fail at a “field-test centre” under harsher conditions than the industrial 
application required; this included both higher temperatures and higher concentrations of 
toxic gases within the gas stream. It was assumed the detectors would fail in a shorter
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time scale than the industrially used ones. To understand sensor failure XRD, XPS, XRF 
and SEM -EDX were used Confocal Light Scattering Microscope (CLSM).
This CO detector contains a sensor disc that is divided into four quarters. Two of these 
quarters have been coated with the catalyst, and two have not; this enables a Wheatstone 
bridge to be established (Figure 4.15), and the current change between the two catalyst 
containing quarters and the two non-catalyst containing quarters is recorded. This 
difference relates to surface activity, and explains why it is important for the catalyst to 
be active specifically to CO, and not other gases that are present within a flue stream; it is 
equally important for the non-catalyst containing quarters to be inert to all possible gases 
present.
OUT
Figure 4.15: Schematic o f the Servomex Tfx 1750 CO detector [1]
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4.4.1 XRD
The catalyst containing and non-catalyst containing quarters of a fresh catalyst were 
compared in XRD analysis over diffraction angles 15° < 20 > 75°, with 0.1° angle 
increments [12], comparing data with the sol - gel (IO%PT/ ZDA) catalyst.
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Figure 4.16: XRD profile o f  Servomex Tfx 1750 sensor in terms o f catalyst containing sector
The catalyst quarter had a similar X-ray structure (Figure 4.16) to the Servomex Tfx 1750 
catalyst powder alone (Figure 4.7). It also contained alumina peaks that corresponded to 
both the a- and y-AbOa (the y-AbOs is due to the ceramic base), and small active Pt 
peaks despite having been taken to 1373 K to wet onto the ceramic base.
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sensor
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XPS
XPS analysis was undertaken on the non-catalyst and catalyst-containing quarters of a 
Tfx 1750 sensor that was unused and one that had failed. The samples were analysed 
between 0 -  1200 eV, and then specific binding energy regions for Zr, Al, Pt, Cl and S 
were studied (Section 4.2.7). From the XPS data (Figures 4.17-19) it was possible to 
observe that the non-catalyst containing quarter contained y-A^Os (75.5 eV) from the 
base disc. The catalyst-containing quarter showed peaks that could relate to Al^ "^  in both 
the a - and Y-AI2O3 forms (76.2 and 75.5 eV respectively) where the y-Al2 0 3  was from the 
ceramic disc and the a-Al2 0 3  was part of the catalytic material. The catalyst contained 
Zr02 and Pt. The Pt signal at 72.9 eV indicated the presence of Pt* .^ This, and the lack 
of Cl, showed that H2PtCl6 had reacted completely forming Pt02. This was obseived 
more clearly in the “failed” sensor.
XRF and SEM-EDX
XRF was undertaken on the failed Servomex Tfx 1750 sensor in order to investigate the 
presence of poisoning metals on the surface of both the catalyst and non-catalyst 
containing quarters. The new element (to those in Table 4.10) was Ca; the ceramic 
support was known to contain both Ca and Fe.
SEM-EDX analysis was undeitaken (by a Hitachi instrument at Brunei University) and 
on the catalyst-containing quailer of a new catalyst sensor and (by Hitachi S3299N at 
University of Surrey) on the catalyst-containing quarter of a failed sensor disc. The main 
difference between these instruments was the different angles of penetration [25]. The 
Brunei-based machine had a deeper angle of penetration and hence gave analysis of 
elements that were not entirely on the surface of the material. In comparison, the Hitachi 
S3299N used a more shallow angle of penetration and it can be assumed that all the 
elements observed are located in the surface of the material.
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Figure 4.20: SEM Micrograph o f catalyst-containing quarter o f the unused Servomex
Xendos Tfx 1750 sensor
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(B)
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Figure 4 ,z/: EDX Profiles o f  (A) Al2 0 j-rich and (B) Zr0 2 -rich particle forms o f  
Servomex Tfx 1750 disc: catalyst containing quarter
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The untested sensor contained three types of particle observed by SEM: (I) large, sharp- 
edged, dark particles, (II) large, lighter coloured, less defined particles, and (III) very 
small, almost spherical, bright particles. EDX analysis of the different forms of particles 
(Figures 4.20 and 4.21) showed that the particle type (type I) contained a high 
concentration of AI2O3. The small shiny particles (type III) were well-dispersed across 
the surface of the ZrOz-rich (type II) particles, were primarily Pt in content and were not 
seen to be distributed across the sharper edged particles. The lighter, softer edged 
particles (type II) were primarily Z1O 2. This showed that the Pt had a better affinity 
toward Zr0 2  than AI2O3. It was evident that there was little mixing of AI2O3 and Zr0 2 . 
The lack of interaction between AI2O3 and Z1O2 explains the low surface area exhibited 
by this material (Section 4.2.4).
The failed sensor also contained the three types of particles (Figure 4.22) and EDX 
analysis demonstrated that the major components of these particles were the same as in 
the untested one.
Figure 4.22: Representation o f  the poor distribution ofAhOs (1) and ZrOÿ (2) across 
the disc surface observed by SEM — EDX
EDX analysis of the three paiticles types (Figure 4.22) showed that the light, softer-edged 
particles were almost exclusively Zr0 2 . However, the dark, shaip-edged particles 
contained AI2O3 along with peaks corresponding to Fe and S that were not observed for 
the untested sensor sample. There were also fewer Pt particles dispersed across the 
surface of the Zr0 2 . This is consistent with a contaminated surface of the sensor ft om
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exposure to sulphur. This contamination was not evenly spread and was constrained to 
the ZrOz-rich / Pt-rich particles; whilst the AI2 O3 particles showed no effects by SOx from 
the gas flue stream.
4.4.1 CLSM
Confocal light scattering micrographs (CLSM) were taken of the three sections of an 
untested Servomex Tfx 1750 sensor disc in order to determine the surface topography 
(Figure 4.24) at positions indicated in Figure 4.23. The edge of the ceramic base (Figure 
4.24A) was rough. The glass-covered, non-catalyst containing quarter was much 
smoother (Figure 4.24B). Te catalyst containing quarter (Figure 4.24C) was rough.
m  catalyst material 
I I reference
Figure 4.23: Diagram o f the Servomex Tfx 1750 disc showing the areas studied by
CLSM: (I) ceramic base, (2) non-catalyst containing quarter and (3) catalyst containing 
quarter [1]
Since CLSM is able to minimise scattered light from out of focus structures, and also 
characterisation of structures from within suitably transparent structures. It is possible to 
see the structure of the disc beneath the glass protective layer [9]. From the micrographs 
(Figure 4.24) it is possible to observe that the disc only region (1) that had a very 
scratched and uneven surface prior to the addition of catalyst, Pt wire and support glass.
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(A)
(B)
(C)
Figure 4.24: CLSM micrographs o f  (A) ceramic base in position 1, (B) non-catalyst
containing quarter in position 2 and (C) catalyst containing quarter in position 3
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The non-catalyst containing quarter (2) showed that the support glass was much smoother 
and it was possible to view the Pt wire electrode through the transparent surface. The 
catalyst-containing quarter (3) also showed that it was possible to see through the glass 
surface to the catalytic material that covered the electrode. The catalyst was observed to 
be evenly spread across the region and the large variance in particle sizes was evident.
4.5Summary
Comparison of the two preparations showed that the original Servomex catalyst synthesis 
method produced a poorly mixed, low aiea catalyst where the Pt particles were “perched” 
on the surface. After high temperature treatment it was observed that in this material, Pt 
migrated away fi*om the surface resulting in a product that was not as active as the initial 
Pt loading would indicate. In contrast, the sol - gel preparation produced a highly porous, 
well-structured, homogeneous product (10%Pt/ ZDA) that had better middle temperatuie 
stability. The sol - gel preparation allows substrate wetting at low temperature, which by­
passes the requirement for high temperatures. The low boiling point of PtO (823 K), and 
a lower wetting temperature will also help to prevent migration of the Pt species as well 
as avoiding structural collapse.
Analysis of the discs showed properties similar' to that of high temperature treated 
powders. SO2 poisoning observed in active discs was seen during XPS, where there was 
a build up of sulphur on all used discs [27].
Mechanisms of the preparations could be split into two parts. In the sol - gel preparation, 
the support materials broke down ftom the solvated hydioxy metal complexes to a 
network of M-O-M particles, which had well mixed Al-O-Al, Zr-O-Zr and Al-O-Zr 
bindings [25]. The second stage of the preparation involved the reduction of H2PtClg. 
This observation was noted for both the Servomex catalyst and sol - gel (10%Pt/ ZDA) 
sample by TGA and RGA. H2PtCl6 undergoes room temperatuie reduction to PtCU, 
heating then reduced the PtCU to PtCl2, further heating broke the Pt-Cl bonds completely,
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with the metal oxidised back to Pt0 2  on heating to 713 K. Finally, the Pt0 2  is reduced to 
Pt® at 873 K (Figure 4.25). However, some PtOx is released, and since a mixture of Pt0 2  
and Pt® is the most active combination for catalysis, complete reduction of the surface 
was not favourable. Introduction of the Pt during the preparation stages as part of the sol 
also favoured a more thermally stable material and enabled a lower “wetting” 
temperature for adhesion to the sensor substrate.
HgPtClQ.HgO ^PtCI^ ^PtClg a^PtOg ^ P t
Figure 4.25: Decomposition o f  hexachloroplatinic acid to platinum during thermal 
treatment
Literature reports have shown that CO and O2 will react to produce CO2 (Figure 4.26) 
[28]. At high temperatures (above 470 K) this occurs spontaneously; at lower 
temperatures it requires the presence of a catalyst.
CO +  I/2O2 ^COg
Figure 4.26: Reaction o f  CO and O2
In the presence of excess CO and O2 the CO can react with an adjacent molecule either 
another CO or an O2 species. If the adjacent molecule is O2, then the following reaction 
will occur (Figure 4.27) [28]:
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?' 9l 8 .  -CO,Il 11 - - - - - - - - -  I » *  1  „  Yi—Pt -Pt   —Pt  Pt    P t------Pt
+00
8+ S ?!
- 4- C — O'
— P t— Pt —  —Pt — Pt —  - p t  — Pt —
Figure 4.27: Mechanism by which CO oxidation occurs in the presence o f excess O2
If the adjacent molecule is CO, then the reaction proceeds in the following way (Figure 
4.28) [28J:
N n + O 2  %  < , 0  - 2 C O 2C C ----------:------ ^  _ C   C __  i
■Pt P t—  Pt Pt —  Pt----- Pt
Figure 4,28: Mechanism o f CO oxidation in highly concentrated CO atmospheres
Both these mechanisms were implied during the pulse chemisorption reactions. The 80% 
pulse reactions showed a deterioration of both CO and O2 adsorption as the build up of 
sulphur on the surface became more significant. Burch suggested that the mechanism of 
SOx decomposition on the catalyst surface is as follows (Figure 4.29):
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Pt'
+ so V / / °
Pt Pt- -Pt Pt- Î-Pt Pt- Pt Go IPt- -Pt
I
Pt— — Pt
+ O2 8 
Pt
%Î— î ü î — fi II-Pt Pt- -Pt Pt— Pt
Figure 4. 29: Mechanism by which SO2 occurs on the active sites o f catalysts
It is also possible for SO2 to react via a 5-membered ring, which would give rise to a 
bound sulphur trioxide. Sulphur trioxide, when bound to a surface, is able to délocalisé 
its electrons, and release O2, again leaving sulphur monoxide bound to the surface, which 
can react by the route shown (Figure 4.30)
Pt
o . s
Pt
Figure 4.30: Destmction o f  SO3 to bound SO and 0 2 (g)
These mechanisms both give rise to final products of Pt-S, which contains a strong bond 
between he metal and sulphur, preventing the active site fiom reacting further. Over 
time, this build up of sulphur tenders the catalyst useless. It is now common practice to 
position the Xendos Tfx 1750 sensor disc away fiom the direct gas flue, to prevent S 
building up too quickly. However, ideally, it would be preferable if  the catalyst were 
designed such that it was immune to this effect. One possible route of research for this 
would be the inclusion of scavengers. Scavengers aie atoms or molecules that are 
extiemely active to the poison (in this case SOx) in the system. An example of his would 
be alkali metals such as Na^ [35].
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V Comparison of N2O decomposition catalysts
Catalytic decomposition of N2O occurs by the adsorption of N2O onto an active site 
that is in close proximity to an available O2 (either by pre-adsorbed lattice oxygen 
component of the catalyst material). By subjecting samples to an N2O atmosphere 
whilst ramping the temperature from 293 K to above 1000 K it is possible to 
determine the temperature at which N2O decomposition is initiated on each sample. It 
is possible for some catalysts to initiate N2O decomposition at low températures (e.g. 
hydrotalcite-derived multi-metallic mixed oxide catalysts, ex-Co, M-Rh, Al-HTLc, at 
room temperature [1]); however, this process has not yet been observed to be 
reproducible. During this research a wide range of catalytic materials were 
investigated in order to relate their chemical composition and structure to their 
expected activity for decomposition of N2O.
The in-house rig (Section 3.7) was set up to allow a catalytic sample (0.1 g) to be 
placed inside the DSC reactor (Section 3.1.4). The DSC was pre-programmed to heat 
the sample from 323 to 1173 K at 5 K m in '\ and then reduced back to 323 K at 10 K 
m in '\ N2 0 (g) (> 99.99 % purity, BOC) was passed over the catalyst at a rate of 40 
cm^ min"\ The RGA injector was placed in the exhaust stream and programmed to 
measure partial pressures of the following masses as a function of time and 
temperature:
m/z Probable molecule
44 N2O
28 N2
32 O2
30 NO
60 N2O2
8 8 (N20)2
132 (N20)3
A vast anay of catalysts were analysed, based on a wide range of metal/ metal oxide 
compounds that were either prepared (Section 2.3.2), prepared previously [2] or
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commercially available. The rate of reaction was recorded during both temperature 
increase and temperature decrease, and for active catalysts during repeat analyses on 
the same samples. RGA analysis provided profiles of pressure (bar) against time (s); 
by relating the time to temperature using the DSC data, and converting Üie gas 
pressures into relative values (to total pressure = 1 ) it was possible to produce profiles 
of percentage activity X (100/weight)) against temperature (K). This
made it possible to compare the activity of different catalysts. At 5 % activity it was 
possible to determine both the relative and InA as shown m Appendix 1.
The samples tested were placed into eleven groups for discussion, usmg the relevant 
data [3]. Four main types of profile were obseiwed for the reaction whilst the 
temperatuie was decreasing and dur ing repeat reactions, these are: 
a  Identical spectrum observed (less than 10 % decrease in activity).
j3 Significantly lower activity (> 10 %) at higher temperatures than for the first run.
y Low temperature pealc (due to structur al change and loss of surface volatiles) not
observed on temperature decrease or repeat, run.
Ô Slower and lower rate of activity change.
5.1 Group 1 - CoO and CuO/ ZnO based catalysts
The first group is a compaiison of CoO, CuO and the mixed CoO-CuO compounds by 
thiee prepai'ations (Section 2.3.2). Research of this group suggests that die single 
metal oxide CoO would be more reactive towaids N2O dian CuO [3]. However, after 
saturation of die active surface, diere would be a significant loss o f activity unless 
products desorb. The inclusion of CuO into die CoO structui^ should enable die CuO 
to act as bodi electron donor and acceptor. This is expected to produce a more 
sustamable catalyst to N2O decomposition shice CoO would stabilise the system.
By supporting die mixed metal oxides on ZnO, die oveiull activity is expected to 
decrease, due to the reduction in the number of active sites per unit area; however, the 
low phase changing temperatuies of CoO (m.p. = 1326 K) and CuO (m.p. -  1795 K) 
[4] could be compensated by the more diemially stable ZnO (m.p. = 1975 K).
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Therefore, the CoO-CuO-ZnO tri-metal oxide mix should provide an active catalyst to 
much higher temperatures.
Comparison of preparations is expected to show that the molecular level mixing 
provided by the samples produced by different sol - gel method produces better 
interaction between metal oxides than other preparations. This homogeneity is 
expected to produce a more active catalyst than the titration and impregnation 
methods.
Scan Group 1
80 -
7 0 -----------
60
8%Co-
CoO
o 40 _
CuO
30 -
20 ■ -  —
10 -
tU/ZnO
923623 823
-10
T{K]
 CuO
 CoO
CoO-CuO (2:1)
 8%Co04%CuO/ ZnO (STD)
 8%Co04%Cu0/ ZnO (PPT)
 8%Co04%CuO/ ZnO (SG)
Figure 5.1: RGA analysis fo r the first thermal treatment on Group 1 Samples between
323 -1013 K
Table 5.1: Table showing important data observed for Group 1 Samples
Group 1 weight
[g]
rate of reaction 
[molecule g'*s'']
T 5%
[K]
&
RT InA T i Repeat
CuO 0.0916 2.46 X 10^ ^ 852 64.2 22.5 P P
CoO 0.0668 1.38 X  10^ ^ 740 174.2 66.9 P P
CoO-CuO (2:1) 0.0500 2.71 X  10^ * 363 12.9 11.4 P Ô
8%CoO-4%CuO/ZnO (STD) 0.0819 1.51 X  10^‘ 689 49.0 21.3 P P
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8%CoO-4%CuO/ZnO (PPT) 0.0500 1.51 X 10^ 909 39.4 13.6 P P
8%CoO-4%CuO/ZnO (SG) 0.0929 2.50 X 10^ 834 65.5 23.4 Y a
As expected the analysis showed (Table 5.1) that the CoO sample (174 t J  moT^) was 
more active than the CnO sample {64.2 kJ mol’^ ), and the initial temperature o f  
reaction was also lower, 740 K for CoO and 852 K for CuO; where the temperature 
was noted at 5 % conversion of N2O to N2 (T5%). The combined metal oxide of CoO- 
CuO showed a very low initiai temperature of reaction (363 K), but it increased its 
activity very slowly until it reached a maximum conversion of about 60 % at 800 K  
before irreversible deactivation occurred. This implies that the powder had become 
spinels [5], as obser\^ed after the sample was removed from the system. Introduction 
of ZnO provided a more thermal stable catalyst, but reaction began at a  range of 
moderately high temperatures (between 68.9 to 909 X).
It is important to observe that the MPD precipitated catalyst had the lowest of the 
three tempeiatures for initial activity for the trimetallic oxide catalyst (689 X), and the 
precipitation sample provided the highest (909 K). It was shown by XPS (Section 
5.3) that the second titrated sample contained a significant amount of NaCl, a remnant 
from the preparation, and this explains the low activity since the copper sites are 
blocked by the NaCl and are not available for oxidation. The sol-gel piepared catalyst 
was not active until 834 K (T5%) on the first run; a peak before reaction was also 
observed, which is due to removal of surface impurities and not observed during 
temperature decrease or in  subsequent runs. Further, conversion was observed to 
reach 90 % of N 2O to Ng and O2, with no other reaction and products taking place up 
to 1013 K. Repetition showed little decrease in activity. This reliability is important 
for the reuse of N2 0 -decomposition catalysts in industiy [6 ].
5,2 Group 2 - GoO and CbO on Avarions snpports
The second group of catalysts is a comparison of mixed Co-Cu on a range of 
supports; ZnO, Ti0 2  ^ Y-zeolite, Si0 2  and Zr0 2 - A good support is a  material that 
does not directly interact with the reacting gas, but does aid the active sites (in this 
case Co and Cu) by helping to délocalisé charge across the surface (and throughout 
the bulk), and that the active metal is able to disperse across the surface without
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coagulating into large clumps [7]. A good support will also enhance thermal stability 
in order to prevent sintering and its subsequent decrease in activity at the temperatures 
required of the catalytic system - in this case the thermal treatment is over 1500 K.
By comparing the chemistry of the five supports tested, the significant issues are:
1. Thermal stability - such that Y-zeolite (with a deactivation temperature below 
1 0 0 0  K) [8 ] is least likely to be stable to the thermal treatment; whereas all the 
others (ZnO, melting point 1975 K; TiOz, melting point 1852 K; SiOz, melting 
point 1723 K and ZrOz, melting point 2750 K) [4] are stable to temperatures 
greater than the highest expected operating temperature.
2. Solubility -  since both Cu and Co have cubic structures, it is important for the 
support to be able to support these particles within its defect structure [9]. 
Therefore, the cubic SiOz and hexagonal ZnO are both suitable for actively 
supporting CoO and CuO, where the rhombic titania and monoclinic shape of 
zirconia are poor supports (Figure 5.2) [9].
(i) (ii) (iii)
(iv) (v) (V i)
Figure 5.2: Crystal structures o f  (i) CuO, (ii) CoO, (iii) Ti0 2 , (iv) Zr0 2 , (v) Si0 2 ,
(Vi) ZnO [9]
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3 Conductivity -  In order to enhance the conductivity throughout the structure, 
an n-type semiconductor would be more suitable, such as ZnO or TiOz, rather 
than insulating material (SiOi and ZrOz) [1 0 ].
Scan Group 2
100.00
8%Co-8%Cu/ZnO
80.00
8%Co-4%Cu/ZnO
60.00
Co-Cu/Y zeolite
2 40.00
,8 % G o-8 % G u/S IÜ 2
8%Go-8%Gu/Zr02
20.00
Go-GumO;
0.00
773 873 973473 673573
20.00
T[K]
 8Go4Gu/ZnO[M]
 8Go8Gu/ZnO[M]
Gu-Go/TI02
 Gu-Go/Y zeolite
 8Gu8Go/Si02
 8Gu8Go/Zr02
Figure 5.S: RGA analysis fo r  the first thermal treatment on Group 2 Samples
Table 5.2: Table showing important data observed for Group 2 Samples
Group 2 TOP[m olg‘s '‘]
rate of reaction 
[molecule g'*s ']
T 5% 
[K]
E.
RT In A T i repeat
8%CoO-4%CuO/ZnO (STD) 1,03 X  10'^ 6.18 X  10^ ** 689 49.4 21.5 P P
8 %CoO-8 %CuO/ZnO (STD) 5.24 X 10'^ 3.16 X  10 '^ 651 35.3 16.6 P P
5 %CuO-5 %CoO/Ti0 2 6.07 X  10'^ 3.66 X 10*^ P
5%CuO-5%CoO/Y zeolite 8 .0 1  X 1 0 -^ 4.82 X 10^ ** 794 92.5 33.9 P
8 %CuO-8 %CoO/Si0 2 4.79 X 10"* 2.88 X  10^ ** 720 5.88 3.32 P
8 %CuO-8 %CoO/Zr0 2 3.81 X  10"* 2.29 X 10^ ** 725 5.30 3.25 P
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From the profiles (Fig 5.3) it can be observed that the support that provide the best 
thermal stability, highest solubility and conductivity was the most catalytically active 
compound, 8 %CoO-8 %CuO/ZnO with an initial temperature of activity of 651 K and 
an energy of activation of 35.3 kJ mol *. The lowered percentage weight of CuO in 
the sample (8%CoO-4%CuO/ZnO) was the second most active. The next active was 
the porous Y-zeolite, however due to its thermal intolerance it is not a suitable 
catalyst for this form of work. Both the SiO] and Z1O 2 samples provided similar 
profiles with initial activation temperatures in the mid-500 K and low activation 
energies. The poorest supported catalyst was the almost inactive Ti0 2 .
5.3 Group 3 - Cu on various supports
Group 3 was an investigation into how Cu alone interacts with supports such as ZnO, 
MgO, MnÜ2, A I 2 O 3 ,  Zr0 2 , SiÜ2 ZDA and C r 2 0 4 * ^ . Copper can act as both an electron 
donor and acceptor such that it will act as both p- and n-type semiconductors [1 1 ]. 
Since Mn can also donate and accept electrons with ease (Figure 5.4) and its uneven 
oxide structure of 2  x Mn^^ and Ix Mn^^ it is also expected to show a good rate of 
oxidation catalysis activity; however, it has a low melting point (around 1000 K), 
which limits its use as a satellite N2O decomposition catalyst [1 2 ].
MnO Mn3 0 4  Mn2 0 3  Mn0 2  Mn2 0 7
11 11/ 111 111 IV V ll
Figure 5.4: Major Mn oxidation states.
Without the CoO in the system, the effects (as observed in Group 2) for n-type 
support will be lessened. However, n-type semi-conductive catalysts are still 
expected to provide more interaction with the active metal than insulating materials 
since this can enhance the p-type characteristics of CuO allowing for a greater rate of
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catalytic activity. Since the structure of the catalyst is important, as already discussed, 
the cubic structure of MgO and its enthalpy of formation enhances the activity of this 
material despite the stability of its +2 form (Figure 5.5). It was observed (Table 5.3) 
that Cu/Mn3 0 4  had the Tight o f f ’ temperature (Ts% = 738 K) and provided the 
highest rate of activity (over 90%), and was also more stable than expected at high 
temperatures.
On lowering the temperature, the conversion was much lower and it was evident that 
the material was not structurally stable during sustained and repeated thermal use. 
Cu/ZnO showed a similar activity Tight off”  temperature (Ts% = 736K) and total 
activity as MnO (maximum conversion reached 60 % at 873 K), and also showed less 
reaction loss during the temperature decreasing analysis; but the overall effect as not 
as great as was observed after the addition of CoO to the system.
Scan Group 3
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100  -
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Figure 5.5: RGA analysis fo r the first thermal treatment o f  Group 3 Samples
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Table 5.3: Table showing important data observed for Group 3 Samples
Group 3 weight
[g]
rate of reaction 
[molecule g'^ s‘‘] Ts%[K]
E.
RT InA Ti repeat
8 %Cu/ZnO[M] 0.2000 7.32E+20 736 59.0 23.8 P
8 %Cu/MgO 0.1986 2.42 X 10^ ^ 840 137 46.7 5
8%Cu/Al203 0.0497 6.96x10^^ 933 78.9 25.0 P
8 %Cu/Mn0 2 0.2178 5.59 X 10^ ® 738 45.3 18.6 P
8 %Cu/Zr0 2 0.2320 9.65 X 10*^ 836 53.7 19.4 a
8 %Cu/ZDA 0.2000 1.09 X 10^ ^ 574 33.9 18.0 Y
8 %Cu/Si0 2 0.1855 1.21x10^° 836 53.7 19.4 a
8 %Cu/Cr2 0 4 ^ 0.2038 1.43x10^® 812 42.8 16.2 a
The ZDA support also showed significant activity (T5% = 770 K), but the rise in 
activity with respect to the temperature was uneven and is explained by the structural 
changes; this is further clarified during temperatuie decrease where there was 
significant loss in activity, and the activity peaks were not present. The alumina 
support was inert at temperatures below 930 K and the structural stability of alumina 
(AHf = 401 kJ moT^ ) and the lack of variable oxidation states showed that this is not a 
suitable support for oxidation catalysis.
5.4 Group 4 - Various metals on Zr0 2 -doped-Al2 0 3  support
Different metals were tested for their activity to N2 O decomposition catalysis on the 
same support. Although the interaction between Z1 O2  and AI2 O3 is better suited as an 
oxidation catalyst as opposed to a decomposition catalyst, it was obsei'ved in Section 
5.3 that Cu/ZDA was more active than many single metal oxide catalysts (such as 
Si0 2 , AI2 O3); and most of the activity aiises fiom the catalytic material that is added 
to the support [13]. Materials that are easily reduced and stable such as Au, Pt and Ni 
aie unlikely to be good N2 O decomposition catalysts, whereas metal oxides with 
variable oxidation states, such as CuO, offer more active sites for the oxidation 
process. Ir0 2  has a low enthalpy of formation (AHf = 1.57 kJ moT^ ); however, during 
saturation of an oxidative gas (e.g. N2 O) its ability to continue reducing is lost. It was 
observed that both I1 O2  and CuO were active for N2 O decomposition and that AU2 O3 ,
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PtO and NiO were not. The ‘light ofF temperature of I1O 2/ZDA (Ts% = 560 K) was 
lower than expected and the subsequent rise in activity was also (82 % at 973 K) 
unexpected (Figure 5.6). It is also important to compare the 5% CuO/ZDA used in 
this Group with the 8  % CuO/ZDA that was analysed in Group 3 that showed less 
stability for decomposing N2O (Figure 5.5).
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Figure 5.6 : RGA analysis fo r  the first thermal treatment on Group 4 Samples
Table 5.4: Table showing important data observed for Group 4 Samples
Group 4 weight [g] rate of reaction [molecule g'*s’’] T 5% [K]
&
RT InA T i repeat
5%Cu/5%ZDA 0 . 2 0 0 0 3.11 X  10^ ® 736 61.0 24.7 a
5%Ir/5%ZDA 0.1570 2.90 X  10^ ^ 560 16.6 9.80 P
5%Pt/5%ZDA 0.2072 4.30 X  10‘*
5%Ni/5%ZDA 0.2242 3.63 X 10‘*
5%Au/5%ZDA 0.1977 4.54 X 10'*
There are two reasons why the difference was observed; the preparation of 5 % Cu 
was by sol - gel preparation of aluminium-tri-^ec-butoxide, zirconium isopropoxide 
and CuCl2 using the sol - gel method discussed in Section 2.3.1, whereas, the 8  % Cu
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preparation was produced using an impregnated CUCI2 on pre-prepaied sol-gel ZDA 
(Section 2.3.1). The second method showed a gieater presence of Cl ions, which 
would affect the availability of the Cu'' active sites duiing thermal analysis as 
discussed in Group 1.
5.5 Group 5 - Comparison of Supports
The materials tested in group 5 comprised of the support materials [7]:
• Zr0 2  doped AI2O3;
• Zr02;
• AI2O3;
• ZnO.
All these samples showed noisy backgrounds, and less than 5 % N2O decomposition 
was achieved by 1013 K. This lack of activity was expected and shows that the 
supports themselves do not exhibit activity for N2O decomposition; instead the extent 
of activity observed by samples is dependent upon the catalyst metal/ metal oxide 
introduced into the samples.
5.6 Group 6 - Ir on various supports
Due to the activity observed by I1O2 on ZDA in Group 4, Ir0 2  was also analysed on 
other supports, Si0 2 , AI2O3, TiOi, and Z1O2 to compare the activity of Ir0 2  using 
different materials [14]. Since Ir0 2  has a low enthalpy of formation, Ir0 2 -based 
catalysts are expected to show a low ‘light o ff temperature. In order to retain activity 
the natur e of the support is vital. a-A^Os and Zr0 2  are both expected to contain more 
oxygen defect sites than the combined metal oxides compound, which would have a 
more stabilised structure. Therefore it is expected that for Ir0 2  both the individual 
metal oxides would be more stable than catalysts that are comprised of the individual 
oxides
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Figure 5.7: RGA analysis for the first thermal treatment on Group 6 Samples
Table 5.5: Table showing important data observed for Group 6 Samples
Group 6 weight
[g]
rate of reaction 
[molecule g"*s'*] T 5% [K]
Eo
RT InA T i repeat
SSTL Ir02/Al203 0.1999 4.20 X 10^ ® 329 9.56 9.66 P P
Ir/Ti02 0.1999 1.19 X 10^ ® 585 9.95 6.32 P
Ir/Zr02 0.2004 3.76 X 10^ ® 629 38.2 18.4 P P
5%Ir/5%ZDA 0.2043 4.12 X 10^ * 790 30.7 12.4 P
Ir/Si02 0.2071 3.08 X 10^ ° 546 10.4 6.87 P P
Thermal analysis (Table 5.5) showed that the individual metal oxides did provide 
greater activity for the IrOz-based catalysts than the mixed metal oxide (ZDA). 
However, the low ‘light off temperature (temperature at 5% decomposition) of AI2 O3 
supported I1O2 (Ts% = 329 K) was unexpected, as was the 100 % conversion observed 
by 750 K. This suggests that the interaction between I1O2 and AI2 O3 is very strong, 
and that there is an interaction between the catalyst and support to provide stability for 
the structure of the catalyst, which allows for a greater attraction towards oxidation
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catalysis; this further suggests that the iridia is able to interact with the support metal 
oxide to enhance N2O decomposition. Further analysis of this material by Paul 
Robmson showed that Ir/ AI2O3 was more active than h  on Si0 2 , Ti0 2  and SiOi-TiOz 
systems.
5.7 Group 7 - Various metals in ZrOi support
In order to investigate the suggestion tliat elements which appear in the middle of the 
Transition Series rows are more active than the ones that contain either mainly full or 
predominately empty outer shells [15], Group 7 compared the activity o f two d ,^ Ii* 
and Rh, with a d ,^ Ru, and an early lanthanide group. Ce. Cerium is stable in both +3 
(e.g. Ce2 0 3 ) and +4 (as in Ce3 0 4 ) states and is, therefore, expected to be reactive to 
oxidation especially when supported by a metal oxide in the same group in the 
Periodic Table, Z1G 2 . Ir0 2  has already been seen to be catalytically active to N2O 
decomposition, and since second row transition metals often produce higher activity 
than first row transition metals, Rh is expected to have greater activity. This is due to 
the outer electron shell, which is further from the nucleus in the bigger molecule, 
Rh^, and hence more susceptible to reaction.
The ceria-zirconia (Table 5.6) catalyst was most active (T$% = 537 K) and gave the 
greatest conversion (85 %). The second most active catalyst was the Rh2 0 3 /Zr0 2  
(Ts% = 634 K). There was no activity obseiTed for the Ru0 2 /Zr0 2 , and the h 0 2 /Zr0 2  
provided a lower ‘light o ff  temperature than the Rh (Ts% = 816 K). The low 
Ir0 2 /Zr0 2  activity can be compared to the activity of Ir0 2  on ZDA compound (Group 
4) and shows that Ir0 2 /Zr0 2  do not appeal* to provide an active, stable catalytic 
suiface for decomposition of N2O. This shows that in order for Ir0 2  and Zr0 2  to be 
included into a good catalyst, a third metal oxide is also required to produce an 
interaction between metal oxides, such as A I 2 O 3 .
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Figure 5.8: RGA analysis fo r  the first thermal treatment on Group 7 Samples
Table 5.6: Table showing important data observed for Group 7 Samples
Group 7 weight
[g]
rate of reaction 
[molecule g'^s"’] T 5% [K]
Ea
RT InA T i repeat
2%Ir/Zr02 0.2004 2.75 X 10‘^ 816 22.3 9.16
2%Rh/Zr02 0 . 2 0 0 0 3.61 X 10^^ 634 12.5 7.06
5%Ru/Zr02 0 . 2 0 0 0 7.54 X 10‘* P
3 3 %Ce0 2 -
6 6 %Zr0 2 0.1924 2.24 X 10^ ® 537 7.96 5.72 y P
5.8 Group 8 - NiO containing catalysts
Group 8  investigated NiO behaviour towards N2O decomposition. Literature suggests 
that a mixed Ni-NiO compound would be an effective oxidation catalyst [6 ], but 
would have a melting point too low for satellite propulsion. Therefore, Ni/ NiO was 
mixed with a selection of other metal oxides in order to produce a thermally stable, 
catalytically active catalyst. The metal oxides chosen had been shown to be active 
with other first row transition elements and were expected to enhance the nickel
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oxide, such as AI2O3, Ce0 2 -Ce3 0 4 , Mg0 -Zr0 2 , ZDA and S1O2. Both AI2O3 and S1O2 
offered stability for Ir0 2 , Zr0 2  and MgO had both enhanced CuO and ceria-zirconia 
had been seen to be active on its own. This also provided the opportunity to 
investigate whether the interaction from the support is related to the transition metals 
as they go along a periodic row, or down a periodic column.
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Figure 5.9: RGA analysis fo r  the first thermal treatment on Group 8 Samples
Table 5.7: Table showing important data observed for Group 8 Samples
Group 8 weight
[g]
rate of reaction 
[molecule g'^s"’] T  5% [K]
Ea
RT InA T i repea t
N i/S i0 2 0.0479 6.29 X 10‘^
10%Ce/NiO 0 . 2 0 0 0 7.40 X  10^ ® 581 2 2 . 6 12.4 a
5 % A u 2 0 3 /N i0 0 . 2 0 0 0 6.94 X 10‘* 867 74.0 25.3 a a
NiO/MgO/ZrO 0 . 2 0 0 0 7.87 X 10‘*
NiO/ZDA 0.2248 3.62 X 10'^
Results showed (Table 5.7) that since only the ceria-nickel oxide (T$% = 581 K) and 
Au2 0 3 /Ni0  (Ts% = 867 K) were catalytically active to N2O decomposition, effects 
from the support are important according the groups going down the Periodic Table
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such that the insulating, but highly defective surface of alumina is able to interact vyith 
platinum and similar' metals. The Zr02-based nickel oxide catalysts showed little 
activity, and since Ni-NiO is known to be active alone [6], this indicates that there is 
interaction between the metal oxide of the catalyst that enhances stability and prevents 
oxidative activity. A further complication with nickel containing compounds is that 
they are probable carcinogens, and may be allergenic [16].
5.9 Group 9 - Catalysts containing lanthanide group metals
Group 9 considered the interaction from Lanthanide Group on mixed first row 
transition metal oxides. Although most lanthanide gi'oup metals are stable in the +3 
state, cerium can also be found in the +4 state naturally. The similarity in the shapes 
(cubic and hexagonal. Figure 5.10) [17] should allow the metal oxides to mix freely.
cubic hexagonal ti'igonal
Figure 5 JO: The three forms o f  close packing (i) cubic, (ii) hexagonal and (iii) trigonal 
[17].
However there is a large radii difference between the first row transition metals 
(Table 5.8). This lai'ge radial difference can be expected either to enhance the surface 
structure such that the introduction of the larger radius would allow for a bigger 
surface area and greater activity. Larger radii inhibit interaction between the 
transition metals, which prevents catalytic activity occurring. The variable oxidation 
state of ceria is also expected to enhance the activity of the material more than the 
lanthana.
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Table 5.8: Comparison o f  ionic radii fo r  first row transition metals and
lanthanide group metals [I]
metal ion ionic radius (for 6 coordinate 
octahedral structure)/ pm
percentage comparison to 
largest radius (La” )^/ %
Co" 79 68
Cu" 87 74
Zn" 88 75
La"‘ 117 100
Ce'“ 115 98
C e" 101 86
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Figure 5.11: RGA analysis fo r the first thermal treatment on Group 9 Samples
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Table 5.9: Table showing important data observed for Group 9 Samples
Group 9 weight
[g]
rate of reaction 
[molecule g"'s '] T 5% [K]
&
RT InA Ti repeat
CT2c (l%La-8%CoO 
4%CuO/ ZnO, PPT) 0.0605 3.94 X 1 0 '^ 952 77.4 24.1 Ô Ô
SG3c(l%La-8%CoO 
4%CuO/ ZnO, SG) 0.0445 3.12 X 10^' 732 162 63.0 Ô Ô
CT2d (8%CoO 4%CuO/ 
10%Ce-ZnO, PPT) 0.0921 4.04 X 1 0 '^ 963 77.6 23.9 Ô Ô
SG3d (8%CoO 4%CuO/ 
10%Ce-ZnO, SG) 0.0455 2.11 X 10^" 878 114 37.6 6 Ô
It was observed (Table 5.9) that the introduction of the lanthanide group into first row 
transition metal oxide catalysts prevents activity from occurring. As already 
mentioned, this is likely to be due to the large size difference. Further, the trigonal
structure of Ce"' appeared to be inhibited by the structure such that changing between
the Ce'" and Ce"'" was prevented (Figure 5.12).IV
Figure 5.12: Structures o f  the two forms o f  ceria [18].
5.10 Group 10 - Various metals on ZnO supports
Since both CoO and CuO were thermally stabilised and catalytically enhanced by the 
use of ZnO as the support. Group 10 investigated the use of other active metals on
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ZnO support, e.g. Mn, Ag and Fe. Mn is an early first row transition metal with a 
wide range of available oxidation states (hom 0 to +7) and a low temperature of 
activation from N2O decomposition [12]. Fe is a more stable metal with fewer 
oxidation states available, and Ag has similar activity to Cu, and since second row 
transition metals are generally more active, it is expected that it should show greater 
activity than Cu [13].
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Figure 5.13: RGA analysis fo r  the first thermal treatment on Group 10 Samples 
Table 5.10: Table showing important data observed for Group 10 Samples
G roup 10 weight [g] rate of reaction [molecule g‘*s'*] T 5% [K]
Ea
RT InA Ti repeat
8%Mn/ZnO 0.2009 3.85 X 10^ ° 783 49.0 18.9 P p
8%Co/ZnO 0.2145 9.00 X  10^ ® 684 64.6 27.8 P
8%Ag/ZnO 0.2418 2.74 X 10^ ® 809 77.4 28.1
8%Fe/ZnO 0.2100 7.79 X 10’^ 862 95.5 32.3
Comparison of the three other metals with Co and Cu (Tables 5.3 and 5.10) showed 
that these were less active. MnjOVZnO produced 40 % conversion by 1013 K (7^% =
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783 K), AgzO/ZnO also converted almost 40 % N2O by 1013 K (Ts% = 809 K), and 
Fc2 0 3 /Zn0  showed less tlian 10 % conversion by 1013 K (Ts% = 862 K) compared to 
the individual conversions of CoO/ZnO with 95 % and CuO/ZnO with almost 85 % 
N2O decomposition. Therefore, the similarity in size, structuie and location within 
the periodic table of Cu, Co and Zn enhances the effects of this mixed metal oxide 
systems than other, more similar transition metal oxides.
5.11 Group 11 - Addition o f various metals into CuO/ ZnO  
systems
Comparison of bi-metallic oxide systems in Group 10 showed that there was an 
increase in activity for the CoO/ZnO and CuO/ZnO material. However, since the most 
active catalyst of this form contained a mixture of the thiee metal oxides, 
CoO/CuO/ZnO, Group 11 analysed the interaction between Mn, Au and Fe with 
CuO/ZnO [12-13]. Au was used in place of Ag since it is in the third row of the 
group also containing Cu and Ag, and as such is expected to show similar properties 
to Ag, due to Lanthanide contraction. The effect of including CuO in the catalysts is 
expected to increase the activity, otherwise stable and fully oxidised metals should be 
able to utilise the election donation/ acceptance semi-conductance ability of the 
copper oxide lattice.
Both the Mn3 0 4  and Fc3 0 4  on ZnO support were shown to be compaiatively non­
reactive to N2O decomposition, compared with CoO/ZnO and CuO/ZnO, which may 
be due to an insolubility of the Mn and Fe oxides in ZnO. The introduction of CuO 
would improve the interaction between the metal oxides which would increase the 
rate of reactivity for these materials. Both of these catalysts (Mn^Oy-CuO/ ZnO and 
FcxOy-CuO/ ZnO) can be compared (Table 5.11) with the CuO-CoO/ ZnO catalysts 
(Table 5.2), where the solubilities are such that a continuous level of catalysis is 
possible. The plateau of activity observed for these catalysts at 793 K is due to a lack 
of Mn or Fe oxides in the coiTect orientation with CuO.
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Figure 5.14: RGA analysis fo r  the first thermal treatment on Group 11 Samples 
Table 5.11: Table showing important data observed for Group 11 Samples
Group 11 weight
[g]
rate of reaction 
[molecule g 's"*] T5o/.[K]
E.
RT InA T i repea t
8%Cu-8%Mn/ZnO 0.2053 5.69 X 10^ ° 703 42.0 18.2 P P
8%Cu-8%Au/ZnO 0.2150 3.41 X 10^ ® 551 82.6 43.1 P P
8%Cu-8%Fe/ZnO 0.2028 6.00 X 10^ ® 693 55.7 23.9 P P
5.12 Compensation plot and Conclusion
In order to compare the mechanism of catalysis, a compensation plot can be 
constructed [19]. Figure 5.15 is a plot showing the activation energy against ln(A) 
and has good linearity.
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Figure 5.15: Compensation plot fo r  catalysis tested for thermal decomposition o f  
NjO.
From the profile it can be observed that there is a good linear relation for all the 
catalysts, and suggests that all the catalysts follow the same mechanisms for NiO 
decomposition [19]. Throughout the scan experiments it was observed that varying 
degrees of activity occurred among the vast array of metal oxide catalysts tested. 
Two groups that showed significant activity were: (1) those based on iridia, ceria and 
zirconia, and (2 ) those based on copper and cobalt on a zinc oxide support
The iridia-ceria-zirconia based catalysts, lTO2-CeO2-Zi0 2  were observed to have low 
initial temperatures of activity (e,g, 50 % conversion of N2O was achieved by 523 K), 
Only at temperatures above 12ÜÜ K products including NO, N2O2, (N2 0 ) 2  and ( ^ 2 0 ) 3  
appealed. Repeating the scan on the same sample showed that second, and 
subsequent, runs required much higher temperatures to initiate the decomposition, and 
that the conversion was then much lower.
This showed that the iridia-ceiia-zirconia mix was not specific with respect to the 
catalytic system of N2O decomposition, and that the structure of the catalyst was
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destroyed by either themial treatment or in oxidising atmospheres. The catalysts that 
showed low light-off temperatuies were prepared by impregnation of (i) zirconia with 
iridium trichloride, and (ii) zirconia with cerium acetyl acetanoate. These two 
mixtures were dried at 473 K for 12 hours to form powders that were ground together 
in order to mix, such that the actual product comprised h 0 2 -Zr0 2 +Ce3 0 4 -Zr0 2 .
It was assumed that the finely divided mixed powder would contain distinct paiticles 
of the two different foims of the metal oxides, with little interaction between them. 
However, the temperature analysis o f the two individual mixtures gave rise to 
activation temperatures that were considerably higher than the mixed compound.
Table 5.12: Chart comparing thermal treatment o f  the mixed compound and its
derivatives.
Compound T for 5 % activity Activation energy 
P d m o r ']
Group number
Z1G 2 - - 5
Ir02-Zr02 629 22.3 6
Ce304-Zr02 537 7.96 7
Ir 0 2 -Ce3 0 4 ~Zr0 2 497 - -
Fmther analysis of the mixed compound showed that second and subsequent thermal 
treatments in N2O gave much less activity. The other catalyst that showed high 
catalytic activity comprised of cobalt, copper and zincs oxides. It was shown that a 
sol-gel prepared sample (Group 1) of 8% CoO-4% CuO/ ZnO (Group 2) produced a 
catalyst that is capable of initiating N2O decomposition by 723 K and conveiting over 
90 % to N2 and O2 without producing unwanted by-products at high temperatures. 
Repeating the thermal analysis on the same sample showed a slightly lowered 
temperatme of initiation and a similarly high conversion rate and still with N2 and O2 
only as the products (Figures 5.16).
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Figure 5.16: Muhipie ihermai analyses for ihe same sample o f  Ir02-Ce02-Zr02.
This high ievei of consistency was observed over several temperature programmed 
runs. The three metal oxides that comprise the catalyst CoO, CuO and ZnO, were 
observed to compliment each other for many reasons:
1 Conductivitv CoO is a p-type semiconductor, ZnO is an n-type and CuO is 
able to act as both p- and n-types. This enables the system to both accept and 
donate electrons freely by delocalisation through the system and to enable the 
sample to retain its activity since neither total saturation nor total oxidation of 
the metals will occur. It is important to note that the combination of the metal 
oxides enhances this effect and makes the semiconductivity possible [10].
2 Enthalpy of formation The metal oxides have low energies of formation [3].
metal oxide AHf oxide/ kJ mol '
CuO 37.6
CoO 213
ZnO 83.2
These values show that it is energetically easy to convert between metal
oxidation states, such that the variable oxidation states available can all be
utilised, further enhancing the systems catalytic ability.
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3 Melting points Both CoO (m.p. = 1795 K) and CuO (m.p. = 1326 K) have
melting points that are too low for the maximum temperatuie expected during
N2O decomposition (1773 K) such that the addition of the bulk support ZnO 
(m.p. = 1975 K) enables tlie system to increase its thermal stability to 
temperatuies greater than that which would be possible for regular satellite 
conditions [3].
4 Crystal shape Both CoO and CuO are present in their cubic form, and ZnO in
its hexagonal form [9]. The bulk of the catalyst will then be hexagonal, and
the cubic CoO and CuO are able to slot into the defects reducing the size of, 
but not removing these defects; this allows free election delocalisation 
throughout the structure.
5 Density The similaiity in the densities shows that neither the CoO (6.46 
kg m'^) nor CuO (6.00 kg m'^) will migrate into the bulk ZnO (5.61 kg m'^) 
and coagulate into clusters of metal oxides reducing the overall activity [3].
6 Crystal structure The +2 ion state of Co, Cu and Zn means that there is 
a greater ability for interaction between the different ions, and this allows for 
greater delocalisation, reducing sintering and increasing thermal stability.
These reasons giye rise to an increase in both theimal stability and catalytic activity of 
the tri-metallic oxide system and indicates that by selecting the coiTect percentages of 
individual components, this catalyst would be a highly active, thermally stable, 
reproducible catalyst for reactions of N2O decomposition to clean products.
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VI Analysis of N%0 decomposition Catalysts
The most active catalyst for N2O decomposition catalysis was observed to be a crude 
mix of IrOi-ZrOz+CeOi-ZrOz (Section 5.12). However, due to its thermal instability 
it was not researched further than the work discussed in the previous chapter. The 
second most active series of catalysts were based upon the tri-metallic system: 
8%CoO-4%CuO/ ZnO. This catalytic system was prepared by several methods 
(Section 2.3.2) and analysed in order to determine its calcination progress and the 
optimal temperature of calcination. These catalysts were compared for activity by 
several techniques in order to deteimine the preferred preparation method. This 
chapter will also discuss the activity of prepared catalysts within specialised rigs 
designed to determine the catalyst’s behaviour under: (i) ultraviolet promotion and (ii) 
simulated satellite conditions. Three catalysts were specifically discussed (Section 
2.3.2):
(i) 8% CoO-4% CuO/ ZnO as prepared by sol - gel [8%CoO-4%CuO/ ZnO (SG)];
(ii) 8% CoO-4% CuO/ ZnO as prepared by an acid - base titration and precipitation 
[8%CoO-4%CuO/ ZnO PPT)]; and
(iii) standard sample of 8% CoO-4% CuO/ ZnO prepared previously by Luengo 
[8%CoO-4%CuO/ZnO(STD)] [1].
6.1 Calcination
Pre-treatment is important in order to prepare a catalyst if cleaning of precursor 
organics is important, (e.g. solvents), to leave the maximum surface area and most 
stable catalyst possible [2-4]. Calcination of the N2O decomposition catalysts was 
investigated by the use of thermal - time experiments, CHN, XRD and FTIR. BET 
was not possible due to the hygroscopicity of the material pre-calcination; TGA was 
not feasible due to the high chloride content of the samples.
Thermal time - weight loss experiments were undertaken by taking samples of known 
weight to different temperatures between 373 to 723 K in a static air furnace for one 
hour. Results are shown in Figure 6.1
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Figure 6.1: ZnO support and the 8%CoO-4%CuO/ ZnO (SG) weight loss as a function
o f temperature in air
Since the support had been pre-dried at 373 K prior to this analysis, Figure 6.1 
showed little weight loss below 523 K, it could be deduced that all the solvent had 
been released. The weight loss between 523 - 623 K was due to the loss of less 
volatile impurities, and decomposition of Zn-OH surface species to ZnO and H2O. In 
contrast, the sol - gel trimetallic prepared sample showed weight loss from 373 K 
(Figure 6.1). This showed that the pre-drying process (to 373 K) was not sufficient to 
remove all solvents, due to the solid porosity and an interaction of solvents with the 
surface functional groups. The weight loss between 373 to 573 K is at a regular 
descent with release of these solvents. Between 573 and 623 K there is a sharp drop 
in weight loss (43 %), which is attributed to the loss of the CF from the surface, and 
suggests that a pre-treatment of 623 K is necessary to produce the desired trimetallic 
oxide. It is not surprising that all three metal oxides require the same calcination 
temperature (Figure 6.2). Beyond 623 K, the weight loss was shown to be stabilised. 
Therefore from the weight loss experiments alone, 623 K was assumed to be the ideal 
calcination temperature. The samples tested for weight loss were also treated to CHN 
analysis, from this, the percentage of carbon and hydrogen losses were also compared 
to temperature.
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Figure 6.2: Profile o f  percentage carbon and hydrogen loss with respect to
temperature for ZnO and 8%CoO-4%CuO/ ZnO (SG)
There was a gradual decrease in both the percentage of carbon and hydrogen 
remaining 623 K for the support and sample (Figure 6.2), after which there was too 
little of both elements for accurate measurements. The 20 % C and 2.5 % H present 
in the support below 373 K was calculated to be the percentage of acetate expected 
and the stabiliser, 2,4-pentanedione, (Section 2.3.2). The initial total contribution of 
around 27% C and 10 % H with the sol - gel prepared catalyst (Figure 6.2) is lower 
due to the introduction of copper and cobalt chlorides; and it is still equivalent to the 
total expected contribution of acetate and 2,4-pentanedione. Again there was an 
almost complete loss of organics observed during calcination. This indicated an 
almost complete loss of organic ligands and solvents by 673 K; this sample contained 
C and H that were too low to be analysed by CHN.
XRD analysis of these samples showed them to be amorphous (and hygroscopic) 
during calcination at 373 - 573 K (Figure 6.3).
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Figure 6.3: XRD profiles o f  8%CoO-4%CuO/ ZnO (SG) between 1 5 °< 2 0 < 7 5  ° after
different thermal pre-treatments, in static air fo r  1 h.
CoO, CuO and ZnO XRD peaks are expected to overlap in this region (Table 6.1) and 
will not be observed by XRD [5-8].
Table 6.1: Location o f  CoO, CuO and ZnO ion peaks in XRD analysis
tal ion sample 2 0
Zn" ZnO 31.5° (110), 34.5° (002), 37° (101)
C0 3 O4 37°, 44°, 63°
Cu" CUCI2 42.5° (111), 51° (200)
Cu" CuO 35.5° (HO) & (022), 38.7° (111)
Cu’ CU2O 30° (110), 38.7° (111)
The XRD profiles obtained (Figure 6.3) were noisy but at 30° < 20 > 45° (Figure 6.4) 
a double peak at 42° < 20 > 43° for C0 2 O3 is seen to be removed during thermal 
treatment and replaced by the CuO peak at 20 = 35.5°. It is important to note that Cu’ 
(in CU2O) is neither expected nor observed during this process.
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Figure 6.4: XRD profile o f  8%CoO-4%CuO/ ZnO (SG) between 30° < 26 < 45'
showing the growth o f the CuO peak as temperature increases
In order to study the samples by FTIR, they were prepared as KBr discs [9], and 
analysed between 500 -  4000 cm ' over 32 scans. The thermally treated samples were 
analysed for the loss of M-Cl bonds in line with the evolution of M-M and M-O 
bonds.
It was observed by FTIR (Figure 6.5) that there were four main regions on which to 
concentrate. First < 1000 cm '; there were many primary overlapping stretch bands [5- 
12] that are difficult to discern. However, one significant observation is that there is a 
distinct decrease in the 546 cm ' absorbance as the temperature increases. This 
corresponds to the loss of v(M-Cl) bond (e.g. v(Cu-Cl)). There is also an overall 
decrease in the number of peaks in this area, implying that the product at high 
temperatures contains fewer types of metal - ligand (v(M-L)) bonds, such that at high 
temperatures the material is ‘cleaner’. In combination with the other analyses, this 
implies there is a formation of M-O bonds with a loss of M-Cl and M-acetate bonds.
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Figure 6.5: FTIR spectra o f  8%CoO-4%CuO/ ZnO (SG) at different calcination
temperatures between 3 73 to 723 K
The second important region is where the decrease in absorbance at 1450 cm'% 
attributed to a loss of further v(M-Cl) bonds. The large, variable shoulder observed in 
the 1350 cm * region is caused by CO2 in the atmosphere [10] (visible despite N2 
passing through the system). The third area showed an emergence of a small 
vibration at 2400 cm'*; this was assigned as either the formation of v(Zn-O) or v(Cu- 
O) bonds. Finally, the shift noticed from 3050 to 3500 cm * was due to changing 
v(MO^ -^H). It is not possible to determine which metal was involved since many 
broad v(MO*-+H) peaks occur in this region and the v(HO<-*H), from trapped water in 
the sample, interferes with the baseline.
Conclusions
By combining the observations from different analyses (Table 6.2) it is possible to 
show that there is a major change of structure in the catalyst during thermal treatment.
This is divided into two distinct regions. First, there is solvent removal from both the 
surface and trapped in pores until 423 K. After this, there is the structural change as
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C r ions aie released and replaced with oxygen (both oxide and hydroxy gi'oups) 
between 423 to 623 K.
Analysis by weight loss experiments, CHN, XRD and FTIR suggests that since all the 
c r  had been replaced by 673 K with oxy and hydroxy ligands, this would be an 
optimum temperature. However, the catalysts that had been calcined to 673 K were 
hygroscopic in nature showing tliat the surface contained reactive species that were 
able to adsorb atmospheric H2O, etc. During this research, it was possible to observe 
that the catalysts were able to adsorb water for all samples with calcination 
temperatuies below 873 K. This was shown by their increasing tackiness over time 
and weiglit gain. This showed that the best calcination temperature was around 200 K 
higher than the analytical techniques showed. This hygroscopic nature also made 
BET an unsuitable analytical technique for analysis.
Table 6.2: Calcination progress by various techniques
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6.2 Solid state analysis
Determination of the structure of a catalyst is vital for understanding the surface 
activity of a material [12], and this is used to determine the reaction mechanism. A 
material that has a large surface area, moderate sized pores, a good dispersion of 
active metal/ metal oxides in positions that are susceptible to interact with gaseous 
molecules is preferable to a material with a low surface and aggregrate of active 
material on the support [12]. Here XPS was undertaken in order to determine the 
distribution and natur e of surface cations. While analysis of the chlorine and oxygen 
peaks were also used.
A clean, porous structure enables free interaction with gas molecules [13]. 
Investigation on the particle sizes by XRD is important in determining the dispersion 
and availability of the surface for catalysis. Further, by studying the M-Cl and M-O 
bonds using FTIR; it is possible to conclude the probable state of the catalyst. 
Therefore, solid state analysis using these techniques allows a comparison of the 
preparation methods vrith respect to the catalytic activity shown by the scans.
Analysis of the 8%CoO-4%CuO/ ZnO catalysts by XPS was undertaken by pre­
treating the samples to 523 K (Section 3.5.1). Detailed analysis was over the 
following energy range [14]:
Element Binding energy range [eV]
C ls 2 7 5 -3 0 0
0  Is 52 5 -5 5 0
Zn 2p 1015-1060
Cu 2p 925 -  970
Co 2p 7 75-815
Cl 2p 190-215
Na Is 1065-1090
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Figure 6.6: XPS of8%CoO-4%CuO/ ZnO (sol gel)
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Figure 6.7: XPS o f  8%CoO-4%CuO/ZnO (precipitation)
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From the profiles (Figures 6 . 6  and 6.7), it is possible to measure the energy of the 
relevant peaks (corrected using the known standard peak, C Is = 284.5 eV). A table 
of the corrected peaks (Table 6.3) shows how the different preparations produce the 
metal cations in different oxidation states.
Table 6.3: Table o f  XPS data obtained fo r 8%CoO-4%CuO/ ZnO catalysts.
Relevant peak/ eV
8%CoO-4%CuO/ 
ZnO (STD)
8 %CoO-
ZnOi
4%CuO/
PPT)
8%CoO-4%CuO/ 
ZnO (SG)
CoO-CuO(2:l)
Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2
c 6.2 5.2 5.0 2.8
0 530.0 529.8 532.0 529.2
Zn 1 0 2 1 . 2 1044.3 1 0 2 0 . 8 1044.2 1022.4 1045.4 779.4 795.1
Co 779.0 794.3 779.6 794.2 781.6 797.6 932.8 952.9
Cu 932.6 952.2 932.4 952.4 932.2 951.3 199.0
Cu(2) 198.6 932.2 952.8 1071.0
Cl 199.0
Comparison of the different 8%CoO-4%CuO/ ZnO catalysts by both energy of the 
peaks, and by the intensity of these peaks provides a compaiison of the preparation 
methods. Several points can be observed:
1 The sample that contained no ZnO support (CoO-CuO, 2:1) showed no 
chlorine peaks. This showed that without the ZnO, the CUCI2 and C0 CI3 were 
able to oxidise more readily. The fact that the peaks in the cobalt region 
contained both Co^ and Co® also shows that die cobalt is stable in both 
oxidation states. There is a lack o f this similar- effect for the copper; instead 
the peaks are broader, which indicates that copper oxide was not present in 
distinct oxidation states. This is important smce it is this ease of change 
between oxidation states that enhances catalysis.
2 XPS profiles of the 8%CoO-4%CuO/ ZnO (SG) and 8%CoO-4%CuO/ ZnO 
(PPT) show that both chloride ions and metal ions were present for Co and Cu. 
Since the pre-treatment of the three samples were the same as for the 
unsupported materials, the chlorine’s presence shows that the ZnO has slowed 
the oxidation process of the metal chlorides. There is significantly more 
chlorine present in the precipitation sample. Since Na^ ions were also
180
Chapter VI N2O decom position catalysts - Analysis
obsei-ved it can be assumed that NaCl is present in this sample; NaCl is a by­
product of the preparation process and despite the numerous water - washes 
that this sample was subjected to during the preparation, NaCl has not been 
completely removed. The stability of the salt (Tm = 801 K [14]) is a 
disadvantage for this preparation technique compared to the sol gel method.
3 Comparison of the copper peaks in 8%CoO-4%CuO/ ZnO (SG) and 8%CoO- 
4%CuO/ ZnO (PPT) (Table 6.3) shows that there are few distinct oxidation 
states present within the sol gel catalyst. This can be explained by the better 
dispersion of Cu across the surface, and the lack of hindrance by NaCl.
4 There are two forms of copper chloride, and the decomposition o f the 
dichloride form (CuCli) to both Cu metal and Cu(II)0 observed is important 
because the monochloride (CuCl) is very stable and does not decompose until 
1763 K [14]. There is only one foim of cobalt chloride (C0 CI2), it has a low 
temperature of sublimation, similar to the decomposition temperature of 
CuCb. In order to confirm the loss of chloride ions, a sample of the sol gel 
prepared catalyst (200 mg) was heated under flowing air (200 cm^ min'^) and 
analysed by RGA for the most probable chloride peaks: where m/z = 71 (CI2), 
35 (Cf) and 36 (HCl). There were two temperatures at which chloride release 
was observed, the second (starting at 577 K), although small is higher than the 
pre-treatment of the catalyst samples tested by XPS and explains why chlorine 
was observed during XPS analysis.
Both 8%CoO-4%CuO/ ZnO (SG) and 8%CoO-4%CuO/ ZnO (PPT) were wet, mixed 
metal complexes. By studying these materials using XRD after drying to 523 K 
allowed one to determine whether these products become crystalline or amoiphous 
after the initial drying. The samples analysed by XRD were the individual metal 
oxides (CoO, CuO and ZnO that had been pretreated to 823 K in static air, in order to 
produce fully oxidised materials), CoO-CuO (2:1) without ZnO, 8%CoO-4%CuO/ 
ZnO (SG) and 8%CoO-4%CuO/ ZnO (PPT). The last three samples had been pre­
treated to 523 K, in static air as with the XPS samples. The samples were run 
between 15° < 20 < 75° at 0.1° angle increments, and 5 s hold time. Results aie in 
Figure 6,8.
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Figure 6.8: XRD profiles o f  CoO, CuO, ZnO, CoO-CuO (2:1), 8%CoO-4%CuO/ ZnO
(SG). 8%CoO-4%CuO/ ZnO (PPT) and 8%CoO-4%CuO/ ZnO (STD)
From these profiles it can be observed that the individual metal oxides are more 
crystalline than when mixed together [16]. The mixture of CoO-CuO (2:1) also 
shows crystallinity, due to the similar crystal structure and size of CoO and CuO that 
allows for energetically favourable, structured crystals to be formed. In contrast, 
8%CoO-4%CuO/ ZnO (SG) showed virtually no crystallinity; which is preferable for 
a catalytic material
By investigating the ZnO and CuO peaks from these XRD profiles it is possible to 
calculate approximate average particle sizes by XRD-LB (Section 3.5.2). With all the 
samples (Table 6.4), similar particle sizes were observed for both the ZnO (d = 25 
nm) and CuO (d = 19 nm) peaks. These particle sizes were confirmed by DLS 
(Dynamic Light Scattering) [17] (Figure 6.9).
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S am ple ZnO (20 = 36.5 °) CuO  (20 = 47.6  °)
FWHM* d [nm] FWHM* d [nm]
ZnO 0.399 24.9 - -
CuO - - 0.393 19.0
8%CoO-4%CuO/ ZnO (STD) 0.425 24.7 0 .435 18.9
8%CoO-4%CuO/ ZnO (PPT) 0.413 24.9 - -
8%CoO-4%CuO/ ZnO (PPT) - reduced 0.406 24.7 0.415 18.9
8%CoO-4%CuO/ ZnO (SG) 0.361 24.6 0.284 19.0
Where FWHM is the fu ll width o f  the peak at half its maximum height
100  Standard Sol - gel Precipitation90
80
g0) DUI 40 n-  4
100010 10010.1
Diameter [nm]
Figure 6.9: Particle sizes determined by DLS for  8%CoO-4%CuO/ ZnO (STD),
8%CoO-4%CuO/ ZnO (SG) and 8%CoO-4%CuO/ ZnO (PPT).
For the three samples in Figure 6.9, DLS showed:
1 8%CoO-4%CuO/ ZnO (STD) contained particles 0.7 - 200 nm in size, 
although the majority of the particles are 10 - 35 nm (which is optimal for 
providing enough surface area for N%0(g) molecules to adsorb, and not so 
large that active sites are trapped within the bulk of the material).
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For 8%CoO-4%CuO/ ZnO (SG) most particles are between 1 0 - 4 0  nm, with 
only a small percentage (2 %) being larger (100 - 200 nm).
8%CoO-4%CuO/ ZnO (PPT) was shown to all be composed of mainly (50 %) 
particles between 10-50  nm, with a significant percentage (14 %) in the 100 - 
200 nm region. Four runs were undertaken on the same sample of this catalyst 
(Figure 6.10) and these showed that each profile was significantly different; 
this is indicative of a poorly mixed sample or one in which aggregates were 
breaking down wih time of DLS.
100 - First Analysis- Second Analysis- Third Analysis- Fourth Analysis90
80 ■ —
70
T  60
50 —
20
100010 1000,1 1
Diameter [nm]
Figure 6.10: Repeated DLS analyses on the same sample 0/ 8%CoO-4%CuO/ ZnO 
(PPT)
In order to confirm the changes of M-Cl to M-O bonds within these catalysts, FTIR 
was used to determine the presence of these metal - ligand bonds. Determination of 
individual metal oxide and chloride stretching and bending bands was difficult as they 
appear in similar positions for the majority of the transition metal compounds [18-20]. 
Due to this similarity, it was not possible to determine the peaks observed in the 
spectra.
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Table 6.5: Average IR peaks observed (and the literature positions o f  copper
oxides bands seen by others) [17-18]
A verage C opper
bond m ode V [cm"^] bond m ode V [cm"^] com pound
600-650 Cu* Cu-^-^Ostr 615 CU2 O
M'^Ostr 860-900 Cu^-^Ostr 880 CU2 O
1150-1200 Cu<-^Ostr 1160 CU2 O
M-<->Oben 615-640 Cu" Cu<->Oben 615 CuO
M<->Oben 685-700 Cu<->Oben 690 Cu(OH)2
M<->Ostr 875-900 CU'<->Ostr 880 CuO
M<-^Ostr 900-940 Cu<->Ostr 930 Cu(0H)2
M<->Ostr 1120-1140 CU<->Ostr 1130 CuO
M-^Ostr 1150-1200 Cu<->Ostr 1180 CuO
MO<~>Hstr 3200-3700 CuO'^-^’Hstr 3300 Cu(0H)2
MO<->Hstr 3200-3700 CuO<->Hstr 3570 Cu(0H)2
From the FTIR spectra (Figure 6.11) it is possible to observe the following v(M-O) 
bands at 500 - 1000 cm"*:
1. ZnO 2 significant bands at 650 and 880 cm *
2 significant bands at 510 and 550 cm"* and multi-bands 
between 900 - 1000 cm"*
2 significant bands at 530 - 600 cm"*
2 significant bands that overlap with CoO, but nothing 
observed for CuO
2. CuO
3. CoO
4. CoO-CuO (2:1)
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Figure 6.11: Comparison o f  FTIR Profile fo r  various 8%CoO-4%CuO/ ZnO 
catalysts and the metal oxide componentsWhere STD = standard, SG = sol gel and PPT ^  precipitation
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8%CoO-4%CuO/ ZnO (PPT) showed three bands below 1000 cm'^ (550, 650 and 880 
cm'^) that correspond to v(Co-O) and v(Zn-0) only. There was no evidence that 
conesponded to v(M-Cl) bands for this sample. There was also no v(Cu-O) band 
evident, this is due to the low loading (4%), and its dispersion within the mixed metal 
oxide system. This was observed with the bimetallic oxide system (CoO-CuO, 2:1). 
There were five FTIR bands observed below 1000 cm"^  for 8%CoO-4%CuO/ ZnO 
(SG) that corresponded with its constituent metal oxides as:
(i) 550cm '‘v(Co-O),
(ii) 650 cm"* v(Zn-0),
(iii) 880 cm"'v(Zn-0),
(iv) 990 and 1010 cm"'.
Since v(Cu-O) bands are not obsei*ved in tlie other mixed metal systems, the double 
band observed around 1000 cm'^ must be due to v(M-Cl) and this shows that the 
sample had not been fully calcined. 8%CoO-4%CuO/ ZnO (STD) showed three 
bands that corresponded to ZnO (650 and 880 cm'^) and CoO (550 cm“^ ) similar to the 
precipitation prepared sample that helped confirm that FTIR analysis had not 
observed v(M-Cl) for 8%Co04CuO/ ZnO (PPT).
Beyond 3000 cm '\ the profiles for the individual metal oxides showed a small, very 
broad feature for the ZnO sample. A more significant peak was obseiwed between 
3450 - 3600 cm'^ for the CoO sample; while the CuO sample gave a distinct double 
band at 3500 cm '\ These are indicative of v(CuO-H) and showed that the CuO 
sample was not completely oxidised(i.e. it contained Cu(0H)2). The samples all gave 
broad peaks that were attributable to v(MO-H); they could not be attributed to a 
specific metal. This showed that they were not completely oxidised. This is essential 
for catalysis and shows that the surfaces are suitable for adsorbing N2O for reaction.
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Conclusions
By studying the surface structure of the different catalysts prior to complete 
calcination it was possible to show the order of decomposition of the organic 
compounds from the surface, and how the framework was constructed during 
calcination. The completely oxidised standard sample provided information regarding 
the expected metal oxide peaks would appear during the FTIR and XRD analyses. 
This enabled the semi - calcined catalysts to be analysed for M -0, M-Cl and M- 
acetate bonds such that the order of reaction between oxygen and chloride ligands and 
oxygen to acetate ligands was established.
XPS showed Cf, Co and Cu were present in a number of oxidation states. However, 
there was no significant size Cis or Ois peak difference from the part - calcined 
catalysts and the standar d sample. This indicates that the acetate had been completely 
converted to the metal oxide (e.g. zinc acetate to zinc oxide) prior to 523 K. This was 
further conoborated by the presence of only one C Is peak, which implied that carbon 
was present in only one state.
From FTIR, by removing the range o f peaks observed below 1000 cm"  ^ which related 
to v(Zn-O) and which either v(Co-O) or v(Cu-O), it was possible to assume that the 
remaining peaks therefore belong to either v(Co-CI) or v(Cu-Cl). This observation, 
and the lack of Cl* in the unsupported material, showed that the zinc was capable of 
providing extra stability for the Co and Cu chlorides. Both XRD and DLS showed 
that the average particle size for all samples was around 20 - 25 nm, this related to the 
expected particle sizes observed for similarity prepared particles of the individual 
metal oxides by XRD. The similarity in sizes is expected since the three transition 
metal oxides are compatible and the cubic structures of CoO and CoO can intersperse 
freely within the ZnO hexagonal structure [21].
6.3 Catalytic testing
Catalytic testing for N2O decomposition was primarily undertaken using temperature 
programmed N2O runs, as discussed in Chapter 5. However, there were two other
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forms of analysis that were also undertaken in order to understand certain important 
issues for these catalysts:
1 Ultraviolet radiation effects on catalysts;
2 Catalytic testing on the Surrey Space Centre’s rig for comparative 
analysis.
6.3.1 Effects of Ultraviolet Radiation
The UV effects on the system is interesting since it is possible to utilise the sun’s 
abundance of radiation in order to lower the amount of electrical energy that is 
required in N2O decomposition e.g. in a satellite propulsion system [22]. 
Photocatalysed decomposition is a reaction initiated by radiation energy (photons), 
and photocatalytic reactions require photolysis in the presence of a catalyst. As most 
catalysts are semiconductors, these reactions aie better described as semiconductor- 
assisted photolysis reaction, and the function of the photocatalyst is different from 
that of a catalyst in a thermal chemical process [23]. When a semiconduction catalyst 
is irradiated by photons, electrons aie excited from the valence band into the 
conductance band. These excited electrons will then react with gaseous molecules to 
form radicals. In the case of N2O decomposition this leads to the products, N2 and O2, 
in a similar (2:1) ratio to air. This is a clean catalytic process.
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Figure 6.12: Schematic o f  UV irradiation system [33]
Photocatalysis was performed by subjecting a sample of 8%CoO-4%CuO/ ZnO (SG) 
(-0.1 g) to UV energy from a deuterium energy source at 523 K; approximately 50 K 
below the activation temperature o f non-irradiated N2O decomposition [34]. To the 
inert atmosphere (Ar, 99.9 %, 15 cm^ min‘‘) N2O was injected (0.5 cm^ pulses) 
before, during and after radiation. Analysis of the products, by RGA, investigated the 
possible production of N2 and O2, as well as N2O2, NO, (N20)2 and (N20)] such that 
the change in volume of ions were detected: 32 (O2), 28 (N2), 44 (N2O), 16 (O), 60 
(N2O2), 30 (NO), 88 ((N20)2) and 132 ((N20)s). The profiles obtained showed that 
only N2O, NO, N2 and O2 peaks were observed; where the NO peak (at m/z = 30) is a 
secondary peak for N2O.
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Figure 6.13: Products from N2O pulsing into 8%CoO-4%CuO/ZnO (SG) at 523 K  
before UV irradiation
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Figure 6.14: Products from N2O pulsing into 8%CoO-4%CuO/ ZnO (SG) at 523 K  
during UV irradiation
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Figure 6.15: Profiles o f  photocatalysis o f  8%CoO-4%CuO/ ZnO (SG) after radiation 
fo r N2O pulses showing the production o f  the decomposition products (N2 and O2) at 523 
K
In UV irradiation of the catalyst (Figures 6.13 to 6.15) there was:
• good reproducibility of peaks due to N2O decomposition, even using low 
levels of UV energy.
• an almost immediate response from N2O decomposition after the UV source 
was switched on, and it lasted for several minutes after the UV was removed.
From the overlapping N2 peaks of the three time periods (Figure 6.16) it can be seen 
that there is little decomposition before radiation. However, radiation of the samples 
gave rise to decomposition of N2O to its preferred products, this catalytic effect was 
shown to continue for some time after the UV source was removed.
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Figure 6.16: Formation o f N2 during decomposition o f N2O on 8%CoO-4%CuO/ ZnO 
(SG) at 523 K: before, during and after UV irradiation.
• The release of the products was shown to occur over 122 s after the pulse had
been injected during radiation (Figure 6.16); this was almost three times as 
longer than for the non-irradiated pulses. However, both had maximum peaks 
at similar times after injection. This elongated time would mean that the 
energy released by N2O in a satellite system would give rise to extended 
energy released. This would mean that as well as the lower energy input
required the length of time that this energy would need to be switched on
would also be lessened.
• The release of products is shown to occur for 112 s during radiation (Figure 
6.16), this is almost three times longer than after UV is switched off (43 s) and 
is significant with respect to the release of energy as an energy source in a 
satellite.
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6.3.2 Surrey Space Centre - Simulated Propulsion Rig
Catalysis testing using a simulated satellite propulsion system at SSC was undertaken 
in order to study the 10% Ir-ZrO]/ 33% Ce02-Zr02 sample’s reactivity in a ‘real life’ 
satellite system [33]. This enabled the research undertaken on the temperature 
programmed NiO decomposition to be related to the results obtained from a viable 
propulsion system. 10% Ir-ZrO]/ 33% CeOi-ZrOi (described in Section 5.12) was 
used for this test since it had a very low activation temperature (Tso% activity = 523 K) 
during its first run.
gas out
gas in
T6
T5
T4
T3
T2
flow
metercatalyst
where T = thermocouple
Figure 6.17: Schematic o f SSC synthesized propulsion system [33]
The catalytic 10% Ir-ZrO]/ 33% Ce02-Zr02 powder was wetted onto balls of support 
(Si0 2  and a-Al2 0 3 ) and placed" in the reactor stream, and N2O was passed through at a 
fast, steady rate (500 -cm^  min'^). Energy was introduced from a power source in 
order to increase the temperature. The temperature was measured by six 
thermocouples placed in order to record the temperature before, by and after the 
catalyst position in the system. At a predetermined temperature, 623 K, the power 
was switched off, and progress of the self sufficient N2O decomposition was recorded 
[33].
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Figure 6.18: Temperature profile (from six thermocouples positions in the catalyst
reactor), power input and gas flow during satellite simulation o f 10%Ir- 
Zr0 2 /3 S%Ce3 0 2 -Zr0 2  on silica spheres.
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Figure 6.19: Temperature profile (from six thermocouples positions in the catalyst
reactor), power input and gas flow during satellite simulation o f  10%lr- 
Zr0 2 /3 3 %Ce3 0 2 -Zr0 2  on a-alumina spheres.
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The two best samples were tested by this method and showed (Figure 6.18 and 6.19) 
that they continued to release heat after the external energy was switched off. In the 
second sample, the energy released was sufficient to combust the heating filaments 
and thermocouples; this explains the erroneous result observed. Second nms of 
samples showed no autocatalysis after the energy was removed, even when the 
temperature was taken to as high as 773 K. This correlates with the repeat N2O 
thermal analyses undertaken on the in-house rigs, where there was significant loss of 
activity during second and subsequent experiments.
This observation is significant since the 10% Ir-Zr02/ 33% Ce3 0 2 -Zr0 2  sample was 
shown to be the most reactive in temperatuie programmed scans. It was able to 
decompose N2O at temperatuies as low as 523 K, yet was inactive in subsequent runs, 
which is important for comparing the two rig systems. This phenomenon was also 
obseiwed during the SSC simulation and allows a direct comparison between the scan 
work with this analysis, should be further explored.
6.5 Discussion
From the thermal scan work (Chapter 5) it was shown tliat many catalysts were 
capable of decomposing N2O, [26]. Analysis of 8%CoO-4%CuO/ ZnO (SG) showed 
that the repetition of the original prepar ation (acid - base titration and precipitation) 
[26] was not as straightforward as anticipated. This was due, in part, to the high 
stability of the chemical modifiers used (e.g. NaCI and HCI). It was shown that a 
greater degree of washing of the products was necessary in order to remove the NaCl 
[26]. Comparisons of the three catalysts showed that the extensive pre-treatment of 
the original catalyst aids surface stability and regularity of structure providing even 
particle size and particle structure. However, this extensive reduction also lowered its 
ability for oxidation and reduction reaction - this was observed by its reproducible 
results for TPR, TPO and TP(N20). In contrast, the fresher sol - gel catalyst provided 
a good homogeneity of the metal oxides, with mixed oxidation states that allowed for 
a greater ability for activity with respect to TP and pulse experiments. The brief 
amount of time spent studying pyridine-FTIR, and initial results suggested that there
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was greater pyridine adsorption onto the sol - gel catalyst than onto the precipitation 
catalyst [27]; however, further analysis of this technique is required to confirm these 
results. Use of UV as an initiator showed that low levels of UV energy lowered the 
activation temperature, and this is also a source of future research [23]. Also, in 
conjunction with SSC, further analysis and testing on thek propulsion rig is necessary 
to aid comparative ‘real life’ testing of the catalysts.
The mechanisms for N2O decomposition was inferred, by the compensation plot 
(section 5.12) to be the same for nearly all the catalysts [28-36]. The initial reaction is 
the binding of N2O to the sur face o f the catalyst via the oxygen atom to a metal site 
that is available to change its oxidation state. The adsorbed N2O would then furtlier 
react with the active metal site, and the delocalised electrons around the gas molecules 
makes it possible for the N-O bond to break, releasing N2(g)) and leaving the oxygen 
bound to the metal site as seen in Figure 6.20 below.
N2O + 2 * ^  O3 + N2
Figure 6.20: Mechanism ofN 20 decomposition to ideal products
The available metal bound oxygen can then undergo further reactions depending on 
the local environment. If the first reaction occurred on two adjacent metal atoms, then 
the two oxygen atoms one from each N2O are in such proximity that they can react 
together to produce oxygen, and the metal atoms would return to their original 
oxidation state (Figure 6.21) [27]:
o o o-----o oznzoII II ----------*■ I 1  ^— M------M  — M--M  — M------ M—
2 0 ,   O2 + 4 *
Figure 6.21: Production o f  Oifrom adsorbed O
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However, if  an N2O molecule comes into proximity o f an M-O species on the surface, 
it is possible then for two molecules of nitrogen monoxide to be formed, via a 
stabilised six-membered ring as shown in Figure 6.22 [27], whereby the M -0 
interaction is strong enough to break the N=N double bond.
N = N = 0
N g O  +  O g  ^  2 N O  +  2"^
Figure 6.22: Mechanism o f  N2O and O to produce NO
Adsorption of O2 on an adjacent site to an M-NO could give rise to a bound, unstable 
nitrogen trioxide intermediate (Figure 6.23). This would decompose back to bound 
NO and the release o f an O2 gas molecule (Figure 6.24); with no discernable reaction 
taking place. However, if  the bond between the MO-N breaks, then an NO2 molecule 
will be released, this could be observed by RGA.
ï \ ?0 ^ 0   ^  o o
— M--M  — M-------M------
N O  +  2 O 3  ^ N O g  +  3 *
Figure 6.23: Mechanism o f  NO and O2 to produce nitf'ogen tt'ioxide
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O
NO3 3  ^ N O  + O2 + *
Figure 6.24: Spontaneous decomposition ofNOs
Release of O2 by way of bound NO (Figures 6.24) is undesirable since it is a slow 
reaction. However, O2 production by a direct interaction of two adjacent M-O species 
proceeds much faster, and is preferable. Production of NO slows down the 
production of O2, and causes an oscillation effect that inhibits maximum energy 
release from occurring [27]. The oscillation effect has been understood theoretically, 
and is explained by re-adsorption of the NO onto the surface, limiting the active 
surface [27].
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VII Conclusions and future work
At the beginning of this thesis it was stated that this research would explain several 
important research points concerning both CO oxidation and NgO decomposition 
catalysis. The results observed also showed areas where future work would be both 
interesting and desirable in order to take this work further.
7.1 CO oxidation
The failur e of the original Servomex catalyst material gave rise to this research. By 
comparing the analytical results obtained for both this original catalyst [1] and the 
optimal catalyst prepared by a sol - gel technique (as discussed in Section 2.31) [2] it 
was possible to show that the sol - gel catalyst gave superior results. The preparation 
of 10 % Pt on 10 % ZrOg-AlgOa by sol - gel method was observed to have higher 
surface areas after calcination and a less collapsed pore structure. The active metal 
(Pt) was better dispersed across the surface and the ZrOg and AI2O3 were more 
heterogeneously mixed. This more stable material also gave rise to higher relative [to 
EuroPt-1] catalytic activity (56% for CO and 63% for O2) and was less inhibited by 
SOx poisoning (14%) than the original catalyst provided by the Company, which was 
shown to have 48% CO activity, 27% O2 activity and 19% SOx activity.
The pulse chemisorption reactions were also able to determine the mechanism by 
which the CO and O2 reacted on the surface of the catalyst, and show that they agreed 
with literature mechanisms [3] for both high and low CO concentiations (Figures 7.1 
and 7.2):
U II + 0 , -2CO,c  c ------- :--------- _ C   C _  -------------- :—
 Pt  P t  Pt Pt   Pt---  P t---
Figure 7,1: Mechanism by which CO oxidation occurs in highly concentrated CO
atmospheres
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Figure 7.2: Mechanism by which CO oxidation occurs in the presence o f  excess O2
The introduction of SOx into the gas stream gave rise to competitive reaction 
mechanisms where the SO2 and SO3 mechanisms are often considered to follow the 
route shown in Figure 7.3 [4]. This is vital since the final products of both the SO2 
and SO3 mechanisms involve SOx bound to the surface, both catalyst materials 
(Servomex Tfx 1750 and sol - gel prepared (10%Pt/ ZD A)) were susceptible to 
sulphur - poisoning. However, the SOx pulse work and the improved dispersion of Pt 
across tlie surface of the sol - gel material suggested that this preparation would 
enable the sensor to last, within required parameter, for significantly longer.
Pt-
+ SO2
-Ft F t -
+ 0, V o o,
-Ft Ft-
O
Ft Pt- ■Ft
I
pt-
Q
Ft
Ft-
+ 0
-Ft Pt- -Pt U Î , \ \Ft- I
Figure 7.3: Mechanism by which SO2 react with the active sites o f  catalysts
The information obtained from this research has enabled Servomex to move the 
sensor disc away from the direct gas flue stream in coal power stations, in order to 
prevent sulphur build-up and catalyst-desensitising from occurring [5]. Further, the
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company has altered its preparation procedure in order to prevent the original high 
temperature “wetting” process from being incoi*porated.
This research showed that there were three important factors that could be studied 
further, to give rise to a material that would not be poisoned by the SOx in the flue 
gas:
(i) the change in the structuie and activity after coating the catalyst onto the sensor 
disc;
(ii) whether altering the Pt loading on the ZrOg-AlgOa surface would enhance the 
cost - effectiveness and reactivity of the catalyst; and
(iii) whether the addition of alkali metals such as sodium could be utilised in order 
for them to act as scavengers for sulphur [6].
7.2 N2O
By subjecting a wide range of catalytic materials to a N2O atmosphere during thermal 
treatment, based upon mixed metal oxides (Section 2.3 and Chapter 5). It was 
possible to show that all the catalysts analysed were observed, by a compensation plot 
(Section 5.12), to react via the same mechanism [7]. The most superior catalyst (10% 
Ir on ZrÛ2 + 33% Ce2 0 3 -Zr0 2 , Tg% = 497 K) during the first run was highly 
susceptible to a reduction in its oxidation states. However this catalyst also showed 
that it was unable to return to the original, active oxidation state, and hence was 
significantly less reactive during second and subsequent runs (Section 5.12). In 
contrast, the second best catalytic system, 8% Co-4% Cu/ ZnO, did not have such a 
low initial temperature of activity (Ts% = 689 K), but was able to show a similar- 
activity over several consecutive runs.
The mixed first row transition metal oxide system was shown to be complementary in 
many aspects: conductivity, enthalpy of formation, melting points, density, crystal 
shapes and structures (discussed in Section 5.12). These compatibilities enable the 
highly variable oxidation states available for Zn to enhance the N2O affinity observed 
by Co and Cu oxides. By preparing the 8%Co-4%Cu/ ZnO system using different 
techniques (Section 2.3.2) it was possible to compare a sol - gel synthesis with more
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traditional routes. These samples showed that the sol - gel preparation was able to 
produce a superior material with a highly active, reproducible, porous, well-dispersed 
surface that was easier to separate from the preparation impurities than the 
precipitation - based techniques; especially the acid - base titration method that was 
observed to contain NaCl after many water washes.
Analysis of the calcination temperatures also showed that although the surface was 
observed to be clean of by-products at 673 K, the surface was not inactive to 
atmospheric water. This indicated that the smface still contained hydroxy bonds that 
were not fully reduced to the oxide until 823 K. This difference between the 
temperature required for removal of the impurities and the calcinations temperature is 
important in forming a highly active, reproducible material. The hydroxy bonds react 
differently with N2O and give rise to different products; therefore, it is essential that 
the catalysts are treated to temperatures above that required for oxide formation 
during calcination.
The brief analysis of catalysts by both ultraviolet radiation and on the Suri'ey Space 
Centre’s satellite (SSC) rig showed that these are two important fields that wanant 
further reseaich. Since UV energy is freely available at the satellite orbital height, it 
would be very significant if  it were possible to reduce the activation energy of N2O 
decomposition using this natural phenomenon [8]. Compaiison of the SSC satellite 
rig [9] with results obtained in the in - house rig system showed good comparison, and 
enabled the results obtained in Chapter 5 to be considered a good analogy to those 
expected to be observed in a “real - life” scenario. It would be significant if it were 
possible to utilise the SSC satellite rig in order to be able to compare the activation 
energy shown by the in - house system as it would be able to show how long the 
catalyst could maintain N2O decomposition without an external power source. This 
self - sufficiency is important as it would also require less energy provided by the 
satellite. Both this and the UV radiation research would ultimately reduce the amount 
of energy required and therefore the overall pay - load of the satellite.
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Appendix 1 Calculation of activation energy for comparison of N%0 
decomposition catalysts 
Introduction
To obtain the activation energies required to compare N2O decomposition of catalysts 
from the raw data, it was necessary to first produce a giaph of reaction rate during 
temperature change. To this, the Arrhenius equation could be applied in the region at 
which 5 % of the NgO was decomposed to Ng and O2. Further, by considering the 
flow of the gas through the system, turnover frequencies could be determined.
Comparable Activation Energies
The raw data was obtained from the RGA as a table of two columns:
1 time in 1/10 second
2 pressure in bar
Time was converted to temperature by direct correlation to either the DSC data or 
manual collection.
By considering that at room temperature there is no decomposition reaction occurring 
on the surface of the catalyst, and that one molecule of N2O decomposes to one 
molecule of Ng, it is possible to determine the extent of the reaction by dividing the 
amount of N% produced at a given temperature by the amount of NgO present in the 
system at the same temperature (Equation App. 1)
P n i ,T -  P n 2,393KVorxn -
P n iO.T — P n îO,393K j
xlOO
Equation App. 1
Using the temperature and percentage of reaction, a graph was produced (Figure 
App.l) to show the extent of the reaction as temperature changed.
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Scan Group 1
CoO.
CuO30
3 9 623 823 823
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 CuO
 CoO
CoO-CuO (2:1)
 8%Co04%CuOfZnO (STD)
 8%Co04%CuCV2nO (PPT)
 8%Co04%CuO/ZnO (SG)
Figure App. 1: Examples o f  graph produced to show rate o f  reaction [%] relative to 
temperature [K]
The Arrhenius equation (Equation App.2) was applied to the values between ten data 
points before to ten data points after when the reaction rate was equal to 5 % 
conversion, also known as the “light o ff’ temperature. The original values were 
converted:
Temperature T converted to 1/T
rate of reaction % rxn converted to ln(%rxn)
These points were then plotted onto a second profile as shown in Figure App.2.
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Figure App.2: Example o f  profile produced to determine the Arrhenius equation for  
activation energy calculations
The Arrhenius equation states that the log of the pressure, or reaction progress, is 
proportional to the activation energy divided by the gas constant and the temperature 
(Equation App.2).
\n{%rxn) = A -  - ^ 1[ r t J
Equation App.l: Arrhenius equation
Therefore, by multiplying the gradient of the profiles (Figure App.2) by the negative 
gas constant (8.314) gave comparable activation energies for all catalysts studied.
Comparable Turnover Frequencies
The turnover frequency is the number of molecules converted per gram of catalyst per 
second as the reaction proceeds (molecules g ' s‘®) it is dependent upon;
• Sample weight (g)
• Flow rate (cm'^ s ')
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• Avogadro’s constant (6.022 x 10^  ^molecules mol"')
• Reaction rate (%)
The turnover frequency (TOF) can be expressed as Equation App. 3:
Avogadro's x flow  x Vorxn moleculesTOF = weight x \0 0  g x s
Equation App. 3
A standard flow rate (20 cm^ min"'), checked at the beginning and end of each 
reaction, can be converted into the number of moles of gas passing over the surface of 
a catalyst per second by dividing the flow rate by 60 (minutes to seconds) and the 
volume of one mole of gas (22 414 mol cm"^) (Equation App.4).
20yZow = ---------------= 1.49'^ mols~^60x22414
Equation App. 4
This gives rise to a simplified turnover frequency (Equation App. 5) for use with the 
catalysts compared in Chapter 5, such that;
POF -  ^ flow X Vorxn _ molecules
TOF ^
weight xlQQ g x s
(6.022X10^^)X (1.49ji:10“^ ) x Vorxn __ molecules 
weight X100 g x s
TOF = 8.973 X10'® Xweight[g]
Equation App. 5
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